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Why this anomaly 
now?
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FIG. 3: Distributions of ∆ylh (top) and yh (bottom) for events with negative leptons (left) and positive leptons (right).

V. MEASUREMENT OF THE INCLUSIVE
ASYMMETRIES

We now turn to the rapidity distributions in the data.
The inclusive distributions of the ∆ylh and yh variables
are shown in Fig. 2, compared to the standard pythia
tt̄ + background prediction. These distributions contain
the full sample of both lepton signs and should be sym-
metric. The legend on the top right shows the asym-
metries in all components. The data agrees well with
tt̄+bkg prediction in both variables, and, in particular,
the asymmetries are consistent with zero.

A forward-backward asymmetry becomes apparent
when the sample is separated by charge. The top row
of Fig. 3 shows the ∆y distributions for events with neg-
ative leptons (left) and positive leptons(right). We find
A+

lh = 0.067 ± 0.040 and A−
lh = −0.048 ± 0.039, where

the uncertainties are statistical only. With limited sig-
nificance, the asymmetries are equal in magnitude and
opposite in sign.

The bottom plots of Fig. 3 shows the yh distribu-

tions for events with negative leptons (left) and pos-
itive leptons (right). An indication of asymmetry is
also observed in this figure: t quarks are dominant in
the forward (proton) direction and the t̄ quarks in the
backward (p̄) direction. The measured asymmetries are
A+

h = −0.070 ± 0.040 and A−
h = 0.076 ± 0.039, again

equal and opposite within uncertainties.

The sign reversal of the asymmetry under interchange
of the lepton charge (or, in our formalism, under inter-
change of t and t̄) is consistent with CP conservation.
With larger samples and improved precision, the com-
parison of the charge separated distributions will pro-
vide a strict test of CP conservation in tt̄ production. If
we assume CP conservation we can calculate the total
asymmetry in each frame using Eqs. (1) and (2). The
distributions of these variables are shown in Fig. 4. The
asymmetry in the tt̄ frame is Att̄ = 0.057± 0.028, and in
the laboratory frame is App̄ = 0.073± 0.028, where both
uncertainties are statistical.

Att̄
FB = 0.475± 0.114 Att̄

FB = 0.088± 0.013
Mtt̄ > 450 GeV
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Questions to Ask 
about the anomaly

Is it systematic?

Is it statistical?

Is it QCD?

How difficult is it 
to simultaneously 
fit the anomaly and 
other constraints?

Probably not

Maybe -- though 
growing statistics

Probably not

Not so easy, but can 
be done. Not 
supersymmetry!
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Summary
Experimental evidence

SM process

New Physics processes

Tevatron analysis

LHC analysis

Models of flavor
Moira Gresham, Ian-Woo Kim, KZ 1103.3501  
Moira Gresham, Ian-Woo Kim, KZ 1102.0018  
Jessie Shelton, KZ 1101.5392  
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Measures of Top AFB

2008:

CDF 1.9 fb^-1

D0 0.9 fb^-1

Both measurements one leptonic and 
one hadronic top

Att̄
FB = 0.17± 0.08

Att̄
FB = 0.12± 0.08± 0.01
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Measures of top AFB

2011:

5.3 fb^-1

Enough data to give 
mass and rapidity 
dependent asymmetry in 
mixed leptonic/
hadronic top system!

13

TABLE VIII: The tt̄ frame asymmetry Att̄ at small and large
rapidity difference, compared to the SM prediction of mcfm.

sample level |∆y| < 1.0 |∆y| ≥ 1.0
data data 0.021± 0.031 0.208± 0.062
data parton 0.026± 0.104± 0.056 0.611± 0.210± 0.147
mcfm parton 0.039± 0.006 0.123± 0.018

VIII. For the parton-level data, the first uncertainty is

statistical and the second is systematic. The uncertainty

on the mcfm prediction is dominated by the NLO theory

uncertainty. For |∆y| ≤ 1.0, the small data-level asym-

metry maps into a small parton-level value with large

error. In the large ∆y region the parton-level asymme-

try is Att̄(|∆y| > 1.0) = 0.611 ± 0.270 (statistical and

systematic errors added in quadrature) compared to the

mcfm prediction of 0.123 ± 0.018. Fig. 7 displays the

parton level comparison of asymmetries in data in the

two ∆y regions.

VII. MASS DEPENDENCE OF THE
ASYMMETRY IN THE tt̄ REST FRAME
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FIG. 8: Mtt̄-dependence of Att̄ according to mcfm.

We now turn to the dependence of the asymmetry

on the tt̄ invariant mass Mtt̄. The NLO QCD asym-

metry also has a strong Mtt̄ dependence, as shown in

Fig. 8. We generally expect the Mtt̄ dependence to con-

tain characteristic information on the fundamental asym-

metry mechanism.

In this analysis, the value of Mtt̄ is derived from the

same reconstruction used to compute the top quark ra-

pidities. The Mtt̄ distribution in our sample, shown in

Fig. 9, is agreement with the standard prediction. Other

recent studies of the top pair mass spectrum, including
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FIG. 9: Event distribution as a function of the total invariant
mass Mtt̄.

the parton-level differential cross section dσ/dMtt̄, show

good agreement with the standard model [10, 30, 31].

Since the mass dependent behavior is usually described

in the tt̄ rest frame we focus on the asymmetry in rapidity

difference ∆y as a function of Mtt̄. The laboratory frame

asymmetry derived with yh is discussed in Sec. VIII.

The underlying 2-dimensional distribution of ∆y
vs.Mtt̄ is shown on the left in Fig. 10. We expect

these variables to obey the simple kinematic relation-

ship Mtt̄ = 2mT cosh(∆y), where mT is the transverse

mass of the tt̄ system, and we see this in both the data

and the prediction. It is clear that the prior measure-

ment at large ∆y captures only part of the region at

large Mtt̄. Consequently, the separate measurements of

the ∆y- and Mtt̄-dependence of the asymmetry provide

complementary information.

Because cosh(∆y) is symmetric, this kinematic correla-

tion is independent of the Mtt̄-dependence of any asym-

metry in ∆y. Because of the independence of mT ,the

measurement at large |∆y| > 1.0 captures only part of

the region at large Mtt̄. The separate measurements

therefore provide complementary information.

A mass dependent asymmetry Att̄(Mtt̄,i) is found by

dividing the ∆y—Mtt̄ plane into bins of mass Mtt̄,i and

calculating the asymmetry in each:

Att̄
(Mtt̄,i) =

N(∆y > 0,Mtt̄,i −N(∆y < 0,Mtt̄,i)

N(∆y > 0,Mtt̄,i) +N(∆y < 0,Mtt̄,i)
(7)

We use 50 GeV/c2 bins of Mtt̄ below 600 GeV/c2, and

CDF 2011
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Measures of top AFB
2011:5.3 fb^-1, mixed case

“Parton level” = unfold detector 
17

we assign a systematic uncertainty of 0.035 for this effect.

Additional systematic uncertainties are evaluated in

a manner similar to the inclusive case. These uncertain-

ties are estimated by repeating the analysis while varying

the model assumptions within their known uncertainties

for background normalization and shape, the amount of

initial- and final-state radiation (ISR/FSR) in pythia,
the calorimeter jet energy scale (JES), the model of fi-

nal state color connection, and parton distribution func-

tions (PDF). Table XII shows the expected size of all

systematic uncertainties. The physics model dependence

dominates.

TABLE XIII: Asymmetry Att̄ at high and low mass compared
to prediction.

selection Mtt̄ < 450 GeV/c2 Mtt̄ ≥ 450 GeV/c2

data −0.016± 0.034 0.210± 0.049
tt̄+bkg +0.012± 0.006 0.030± 0.007
(mc@nlo)
data signal −0.022± 0.039± 0.017 0.266± 0.053± 0.032
tt̄ +0.015± 0.006 0.043± 0.009
(mc@nlo)
data parton −0.116± 0.146± 0.047 0.475± 0.101± 0.049
mcfm +0.040± 0.006 0.088± 0.013

Table XIII compares the low and high mass asymme-

try to predictions for the data level, the background sub-

tracted signal-level, and the fully corrected parton-level.

The MC predictions include the 15% theoretical uncer-

tainty. At low mass, within uncertainties, the asymmetry

at all correction levels agrees with predictions consistent

with zero. At high mass, combining statistical and sys-

tematic uncertainties in quadrature, the asymmetries at

all levels exceed the predictions by more than three stan-

dard deviations. The parton-level comparison is summa-

rized in Fig. 14. For Mtt̄ ≥ 450 GeV/c2, the parton-level
asymmetry at in the tt̄ rest frame is Att̄ = 0.475± 0.114
(stat+sys), compared with the MCFM prediction of

Att̄ = 0.088± 0.013.

VIII. CROSS-CHECKS OF THE MASS
DEPENDENT ASYMMETRY

The large and unexpected asymmetry at high mass de-

mands a broader study of related effects in the tt̄ data.
We look for anomalies that could be evidence of a false

positive, along with correlations that could reveal more

about a true positive. In order to avoid any assumptions

related to the background subtraction, we make compar-

isons at the data level, appealing when necessary to the

full tt̄ + bkg simulation models.
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FIG. 14: Parton-level asymmetry in ∆y at high and low mass
compared to mcfm prediction. The shaded region represents
the total uncertainty in each bin.
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FIG. 15: Distribution of tt̄ reconstruction χ2. Black crosses
are data, histogram is sig+bkg prediction.The last bin on the
right contains all events with χ2 > 100.

A. Lepton Type

All of our simulated models predict asymmetries that

are independent of the lepton type: pythia predicts

asymmetries that are consistent with zero, and the Octet

models predict asymmetries that are consistent with each

other. The data are shown in Table XIV. At high mass,

both lepton types show positive asymmetries consistent

within errors.

12

uncertainty is large.

B. Cross-Checks of the Inclusive Asymmetry

Table VII shows the asymmetries in the data when the

sample is separated according to the lepton flavor and the

number of b-tagged jets in the event. All of our simulated

models predict asymmetries that are independent of the

lepton type. Within the large errors, the data are con-

sistent with this expectation.

The b-tagged sample contains 281 events with two b-
tags. This double-tag sample is small, but has mini-

mal backgrounds and robust jet-parton assignment. The

double-tag sample is a special category of tt̄ decays where
both the b and b̄ jet have | η |≤ 1.0, but all of our simu-

lation models predict similar asymmetries in single tags

and double-tags. In the data the results are consistent

across single and double-tags, albeit with reduced agree-

ment in App̄. We will discuss the double-tag consistency

in the laboratory frame in more detail in Sec. VIII E.

TABLE VII: Measured asymmetries at the data-level for dif-
ferent lepton and b-tag selections.

selection Att̄ App̄

inclusive 0.057± 0.028 0.073± 0.028
electrons 0.026± 0.037 0.053± 0.037
muons 0.105± 0.043 0.099± 0.043
single b-tags 0.058± 0.031 0.095± 0.032
double b-tags 0.053± 0.059 −0.004± 0.060

VI. RAPIDITY DEPENDENCE OF THE
ASYMMETRY IN THE tt̄ REST FRAME

In Sec. IV we discussed the importance of measur-

ing the rapidity and Mtt̄ dependence of the asymme-

try. The correlated dependence on both variables would

be most powerful, but, given the modest statistical pre-

cision of our current dataset, we begin with separate

measurements of each. In this section we show how a

∆y-dependence may be calculated from the results of

Sec. VA. The Mtt̄-dependence (as well as the correla-

tion of Mtt̄ and ∆y) will be discussed in the sections

following.

In the standard model at NLO the tt̄ frame asymme-

try increases linearly with ∆y, as seen in Fig. 6. The

slope is significant, with the asymmetry reaching values

of roughly 20% at large ∆y.
The ∆y dependence of the asymmetry in our binned

data can be calculated in each bin i of positive ∆y as

Att̄
(∆yi) =

N(∆yi)−N(−∆yi)

N(∆yi) +N(−∆yi)
(6)
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FIG. 6: ∆y-dependence of Att̄ according to mcfm.
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FIG. 7: Parton level asymmetries at small and large ∆y com-
pared to SM prediction of mcfm. The shaded bands represent
the total uncertainty in each bin. The negative going uncer-
tainty for ∆y < 1.0 is suppressed.

A parton-level measurement of Att̄(∆yi) in two bins

of high and low ∆y is available from the corrected ∆y
distribution in Fig. 5. We calculate the asymmetry sep-

arately for the low rapidity difference inner bin pair

|∆y| < 1.0 and the large rapidity difference outer bin pair

|∆y| ≥ 1.0. The systematic uncertainties in the bin-by-

bin comparison are evaluated using the same techniques

as in the inclusive measurement. Uncertainty in the back-

ground shape and normalization assumptions cause a sig-

nificant systematic uncertainty in the high ∆y bin.

The ∆y-dependent asymmetries are shown in Table
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Measures of top AFB
2011: 5.3 fb^-1, mixed case

Detector level 14
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FIG. 11: The tt̄ frame asymmetries in bins of invariant mass
Mtt̄ when the data is partitioned by lepton charge.

100 GeV/c2 bins above that. The Mtt̄-dependent asym-
metry in ∆y is shown on the right in Fig. 10 and Ta-
ble IX, compared to the prediction of mc@nlo in combi-
nation with the standard background. The uncertainties
in the plot are the statistical errors only; in the table the
mc@nlo uncertainty contains both the statistical and
theoretical component. In the bulk of the data at low
mass the asymmetry is consistent with zero, while at high
mass the asymmetry is consistently above the prediction.
Fig. 11 shows that when the data are separated by lepton
charge, the asymmetries in the two independent samples
behave in approximately opposite fashion.

TABLE IX: The data-level asymmetry Att̄ in bins ofMtt̄ com-
pared to the prediction of mc@nlo + backgrounds.

bin-center Att̄

(GeV/c2) N events data mc@nlo
375 532 -0.019 ± 0.043 0.003± 0.006
425 322 -0.012 ± 0.056 0.026± 0.008
475 190 0.158 ± 0.072 0.013± 0.010
525 95 0.305 ± 0.097 0.019± 0.013
575 58 0.138 ± 0.130 0.063± 0.020
650 34 0.471 ± 0.151 0.051± 0.020
750 29 0.103 ± 0.185 0.091± 0.022

A. Asymmetries at High and Low Mass

The large statistical errors in the Att̄(Mtt̄,i) distribu-
tion of Fig. 10 do not allow any conclusion on the func-
tional dependence. In order to make a quantitative mea-
surement of Att̄(Mtt̄) in a simple, statistically meaningful
way, we use a compact representation of Att̄(Mtt̄,i) into
just two Mtt̄ bins, below and above a given mass bound-
ary.
The boundary between the low and high mass regions

is chosen based on a study of the color-octet samples de-
scribed in the Appendix. These samples have Att̄(Mtt̄,i)
distributions that are comparable to the data and reason-
able for modeling the sensitivity in that variable. We find
that the significance of the asymmetry at high mass is
maximized when the bin division is atMtt̄ = 450 GeV/c2,
and therefore adopt this cut.
Fig. 12 shows the ∆y distributions when the data

is divided into two regions, below and above Mtt̄ =
450 GeV/c2. At low mass the asymmetry is consis-
tent with zero. At high mass, the rapidity difference is

14
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100 GeV/c2 bins above that. The Mtt̄-dependent asym-
metry in ∆y is shown on the right in Fig. 10 and Ta-
ble IX, compared to the prediction of mc@nlo in combi-
nation with the standard background. The uncertainties
in the plot are the statistical errors only; in the table the
mc@nlo uncertainty contains both the statistical and
theoretical component. In the bulk of the data at low
mass the asymmetry is consistent with zero, while at high
mass the asymmetry is consistently above the prediction.
Fig. 11 shows that when the data are separated by lepton
charge, the asymmetries in the two independent samples
behave in approximately opposite fashion.

TABLE IX: The data-level asymmetry Att̄ in bins ofMtt̄ com-
pared to the prediction of mc@nlo + backgrounds.

bin-center Att̄

(GeV/c2) N events data mc@nlo
375 532 -0.019 ± 0.043 0.003± 0.006
425 322 -0.012 ± 0.056 0.026± 0.008
475 190 0.158 ± 0.072 0.013± 0.010
525 95 0.305 ± 0.097 0.019± 0.013
575 58 0.138 ± 0.130 0.063± 0.020
650 34 0.471 ± 0.151 0.051± 0.020
750 29 0.103 ± 0.185 0.091± 0.022

A. Asymmetries at High and Low Mass

The large statistical errors in the Att̄(Mtt̄,i) distribu-
tion of Fig. 10 do not allow any conclusion on the func-
tional dependence. In order to make a quantitative mea-
surement of Att̄(Mtt̄) in a simple, statistically meaningful
way, we use a compact representation of Att̄(Mtt̄,i) into
just two Mtt̄ bins, below and above a given mass bound-
ary.
The boundary between the low and high mass regions

is chosen based on a study of the color-octet samples de-
scribed in the Appendix. These samples have Att̄(Mtt̄,i)
distributions that are comparable to the data and reason-
able for modeling the sensitivity in that variable. We find
that the significance of the asymmetry at high mass is
maximized when the bin division is atMtt̄ = 450 GeV/c2,
and therefore adopt this cut.
Fig. 12 shows the ∆y distributions when the data

is divided into two regions, below and above Mtt̄ =
450 GeV/c2. At low mass the asymmetry is consis-
tent with zero. At high mass, the rapidity difference is
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Measures of top AFB

2011: 5.3 fb^-1

Enough data to look at two leptonic 
tops 8
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FIG. 3: The rapidity between the positively and negatively charged leptons in data and in the predicted signal and background
simulations. The forward backward asymmetry in data is Afb = 0.14 ± 0.05.

lab
t y"

-2 -1 0 1 2
lab
t y"

-2 -1 0 1 2

E
v
e
n

ts
  

0

5

10

15

 in Lab (e-e)tbar-y
top

y

Data

tt

 error# 1 ±

Fake

DY

$$%Z

WW/WZ/ZZ

CDF II Preliminary

-1
 L dt = 5.1 fb&

FIG. 4: Aee
obs = 0.270 ± 0.112(stat.) (Pred.: −0.010 ± 0.070). K-S probability is calculated to be 2.5 %.

AFB = 0.14± 0.05
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Measures of top AFB

Asymmetry much larger in ee, mu-mu 
than in e-mu

8

l! "
-2 0 2

l! "
-2 0 2

E
v

e
n

ts
  

0

20

40

60

l-! - l+!

Data

tt

 error# 1 ±

Fake

DY

$$%Z

WW/WZ/ZZ

CDF II Preliminary

-1
 L dt = 5.1 fb&

FIG. 3: The rapidity between the positively and negatively charged leptons in data and in the predicted signal and background
simulations. The forward backward asymmetry in data is Afb = 0.14 ± 0.05.
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FIG. 4: Aee
obs = 0.270 ± 0.112(stat.) (Pred.: −0.010 ± 0.070). K-S probability is calculated to be 2.5 %.
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Can QCD Generate 
This?

First contribution appears at NLO

Stable against higher order 
corrections?  Claim: yes.  Threshold 
resummed results give same asymmetry 
as fixed order calculation
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FIG. 1: Interfering qq̄ → tt̄ (above) and qq̄ → tt̄j (below) amplitudes.

broadened by the varying boost of the tt̄ system along

the beamline, and the asymmetry is diluted to App̄ =

0.038± 0.006. Our mcfm predictions are in accord with

other recent calculations [1–3]. These predictions are for

top quarks as they emerge from the qq̄ collision, before

any modifications by detector acceptance and resolution.

We will call this the parton-level. Based on our own stud-

ies of scale dependence in mcfm and also the studies in

the references above, we assign a 15% relative uncertainty

to all NLO mcfm predictions.

An NLO calculation for inclusive tt̄ production is an

LO calculation for the production of a tt̄ + jet final state,

and thus an LO calculation for the asymmetry in final

states containing an extra jet. A new NLO calculation

for tt̄j production (and thus for the asymmetry) suggests

that the negative asymmetry in this final state is greatly

reduced from leading-order [25]. This new result for the

tt̄j asymmetry can be incorporated into an analysis of

the asymmetry for inclusive tt̄ production only within the

context of a full NNLO calculation of tt̄ production. Such
calculations are underway but are not complete. Thresh-

old resummation calculations indicate that the inclusive

asymmetry at NNLO should not differ greatly from that

predicted at NLO [1, 21]. In this paper, we compare

to the NLO predictions for tt̄ production. We include a

15% scale dependence uncertainty, but note that there is

an overall unknown systematic uncertainty on the theo-

retical prediction pending the completion of the NNLO

calculation.

In the near-threshold form of the cross section [1] the

tt̄ frame asymmetry can be seen to increase with the top

quark production angle and velocity (β), and these are

thus key variables for understanding the source of the

asymmetry. In this analysis, the proxies for these vari-

ables are the top quark rapidities and the mass Mtt̄ of

the tt̄ system. Measurements of the rapidity and mass

dependence of Att̄ are described in Sections VI and VII.

B. NLO QCD Simulation with MC@NLO

We use the event generator mc@nlo to create a sim-

ulated sample that includes the QCD asymmetry as pre-

dicted by the standard model at NLO. In addition to

including the asymmetric processes this generator prop-

erly estimates the amount of gg, and thus the dilution of

the asymmetry from these symmetric processes.

Some naming conventions for the data-to-simulation

comparison are given in Table II. All Monte Carlo (MC)

generators will have the same conventions: the truth in-

formation is the parton level; the pure top signal after

simulation, selection, and reconstruction is the tt̄ level,

and the full prediction including backgrounds is tt̄ + bkg

level. The reconstructed lepton+jets sample is the data.

Subtracting the backgrounds from the data yields the

reconstructed tt̄ signal-level. Correcting the data for ac-

ceptance and resolution produces a measurement at the

parton-level.

TABLE II: Naming conventions for data and simulation sam-
ples.

sample level definition comparable to
data data reco l+jets
data signal data minus bkg tt̄ in data
data parton corrected signal tt̄ at creation
MC tt̄+bkg reco tt̄ + bkg data
MC tt̄ reco tt̄ no bkg data signal
MC parton truth level data parton

The mc@nlo predictions for the asymmetries at var-

ious levels of simulation are shown in Table III. The

uncertainties include the Monte Carlo statistics and the

NLO theoretical uncertainty. The parton-level mc@nlo
asymmetries are consistent with mcfm, as expected. Af-
ter CDF detector simulation, event selection, and recon-

struction, the asymmetries in the mc@nlo tt̄ signal are

Almeida, Sterman, Vogelsang 2008
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Models to generate 
top AFB

s-channel or t-
channel

s-channel: 
axigluon

t-channel: flavor 
violating gauge 
boson (Z’, W’) or 
scalar color 
triplet or sextet
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(a) s-channel qq̄
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t
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(b) s-channel gg

q
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M

t

t̄

(c) t-channel qq̄

Figure 1: Tree level tt̄ production diagram with mediator M exchange.

fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

discuss the LHC reach for discovering such states, based on the analysis of [48].

II. MODELS

The Leading Order (LO) SM tree-level amplitude for tt̄ production does not generate a

forward-backward asymmetry. In the SM, a small positive top forward-backward asymmetry

is generated through interference between a one-loop box diagram and a LO tree level

diagram, AFB(Mtt̄ < 450GeV) = 0.040 ± 0.006, AFB(Mtt̄ > 450 GeV) = 0.088 ± 0.013.3

Since the SM contribution is generated at NLO, if there is an additional LO tree-level

contribution from new physics, it can easily dominate.

Such LO diagrams are of the form of those in Fig. (1). They can be either s-channel

(Fig. (1a) and (1b)) or t-channel (Fig. 1c). s-channel mediators couple directly to light

flavors and gluons, and therefore the mediator masses must be large enough to evade dijet

resonance search constraints [11, 17]. To maximize the contribution to AFB, such a model

must have a big axial coupling.

On the other hand, t-channel models should have large flavor violation between the light

and the top generations, as can be seen in Fig. (1c). Large flavor violation is experimentally

allowed even for low mass mediators, M , as long as new couplings between light generations

and left-handed quarks is suppressed; then strong limits on flavor violation and from dijet

3 Interference between initial state gluon radiation and final state gluon radiation makes a very small

negative contribution to the asymmetry.

5
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Challenges

s-channel models: large AFB, but 
small change in tt-bar x-section

t-channel models

same sign tops

single top

invariant mass distribution
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g

q

t̃
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(b) t-channel

g

q

q
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(c) s-channel

g

q

M

M

t̃

(d) u-channel

(M=φa only)

Figure 1: Tree level tt̄ and single M production diagrams involving the mediatorM and the coupling

gM . The top quark, t̃, is t̃ = t when M = W �, Z �
H

, and t̃ = t̄ when M = φa (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At

FB
anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],
2
here we

2 For generic colored resonance search through QCD interations, see [35].
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Figure 1: Tree level tt̄ and single M production diagrams involving the mediatorM and the coupling

gM . The top quark, t̃, is t̃ = t when M = W �, Z �
H

, and t̃ = t̄ when M = φa (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At

FB
anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],
2
here we

2 For generic colored resonance search through QCD interations, see [35].
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Challenges
s-channel: particular couplings.  
Opposite charges for light quarks and 
top

t-channel: high invariant mass 
spectrum can become skewed

B. Color Triplets and Sextets

The quantum numbers of the color triplet and sextet are

(3̄, 1)4/3 (6, 1)4/3, (8)

and their interactions with up and top quarks is given by

Lφ = φat̄cT a
r (gLPL + gRPR)u. (9)

This gives rise to a scattering cross-section [22]

Aint +Asq =
2g2g2SC(0)

9

û2
t + ŝm2

t

ŝûφ
+

g4C(2)

9

û2
t

û2
φ

(10)

where C(0) = 1(−1) for triplets (sextets) [22, 24] is a color factor that comes from the

interference of new t-channel physics with the s-channel gluon. The color factor C(2) comes

from the squared new t-channel physics term and is equal to C(2) = 3/2 for sextets and

C(2) = 3/4 for triplets. We have also defined g ≡
�
(g2L + g2R)/2.

C. Color Octet

The exotic gluon couples to light quarks through

Laxi = gs
�
q̄ TAγµ(gqLPL + gqRPR)q + t̄ TAγµ(gtLPL + gtRPR)t

�
G�A

µ . (11)

Note the inclusion of the QCD coupling constant, gs, in the interaction. The scattering

cross-sections calculated through these interactions are [37]

Aint =
g4s
9

ŝ(ŝ−m2
G�)

(ŝ−m2
G�)2 +m2

G�Γ2
G�
(gqL + gqR)(g

t
L + gtR)

�
(2− β2) + 2

(gqL − gqR)(g
t
L − gtR)

(gqL + gqR)(g
t
L + gtR)

cθ + c2θ

�
, (12)

Asq =
g4s
18

ŝ2

(ŝ−m2
G�)2 +m2

G�Γ2
G�
(gqL

2 + gqR
2)(gtL

2
+ gtR

2
)

�
1 + (1− β2)

2gtLg
t
R

gtL
2 + gtR

2 + 2
(gqL

2 − gqR
2)(gtL

2 − gtR
2)

(gqL
2 + gqR

2)(gtL
2 + gtR

2)
cθ + c2θ

�
. (13)

As does CDF, we consider the case where the couplings of the vector color octets are

purely axial, so gqV = (gqR + gqL)/2 = 0 and gtV = (gtL + gtR)/2 = 0, and where the axial

7

resonance searches are avoided. Additionally, the same-sign top signature search limit prefers

M to be a non-self-conjugate state [20]. Therefore, ordinary Z �
models run into difficulty.

Here, to avoid same-sign top constraints, we consider horizontal Z �
H
s with flavor charge.

Color exotic states and W �
s can also satisfy the requirement.

In the following sections, we summarize the defining Lagrangian of t-channel W �
, Z �

H
,

triplet scalar, sextet scalar and s-channel axigluon models and present the tree-level differ-

ential cross sections,
dσ(qq̄→tt̄)

dcos θ .

A. Flavor-Changing W �, Z �

The Lagrangian for a flavor-violating Z �
interaction is

L =
1√
2
t̄γµ

(gLPL + gRPR)uZ
�
µ
+ h.c., (2)

giving rise to a scattering cross-section

dσ

d cos θ
=

β

32πŝ
(ASM +Aint +Asq) , (3)

where

ASM =
2g4

s

9
(1 + c2θ +

4m2
t

ŝ
), (4)

with cθ = β cos θ and β =

�
1− 4m2

t/ŝ. The new physics contributions are [37]

Aint =
2g2

s

9

(g2
L
+ g2

R
)

ŝt̂Z�

�
2û2

t
+ 2ŝm2

t
+

m2
t

m2
Z�
(t̂2

t
+ ŝm2

t
)

�
, (5)

Asq =
1

2t̂2
Z�

�
(g4

L
+ g4

R
)û2

t
+ 2g2

L
g2
R
ŝ(ŝ− 2m2

t
) +

m4
t

4m4
Z�
(g2

L
+ g2

R
)
2
(t̂2

Z� + 4ŝm2
Z�)

�
, (6)

with t̂i ≡ t̂−m2
i
and ûi ≡ û−m2

i
. The Mandelstam variables are related to the scattering

angles via t̂ = −ŝ(1− cθ)/2+m2
t
and û = −ŝ(1+ cθ)/2+m2

t
. Note that the Lagrangian has

been defined with a
√
2 with respect to some other conventions in the literature. Similar

expressions hold for the flavor-violating W �
via the interaction Lagrangian

L =
1√
2
d̄γµ

(gLPL + gRPR)tW
�
µ + h.c. (7)

6
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Exotic decays are 
out

Goodbye SUSY! Or 4th generation!

Top chi^2 looks good

Any additional MET dramatically 
changes top chi^2 

17

we assign a systematic uncertainty of 0.035 for this effect.

Additional systematic uncertainties are evaluated in

a manner similar to the inclusive case. These uncertain-

ties are estimated by repeating the analysis while varying

the model assumptions within their known uncertainties

for background normalization and shape, the amount of

initial- and final-state radiation (ISR/FSR) in pythia,
the calorimeter jet energy scale (JES), the model of fi-

nal state color connection, and parton distribution func-

tions (PDF). Table XII shows the expected size of all

systematic uncertainties. The physics model dependence

dominates.

TABLE XIII: Asymmetry Att̄ at high and low mass compared
to prediction.

selection Mtt̄ < 450 GeV/c2 Mtt̄ ≥ 450 GeV/c2

data −0.016± 0.034 0.210± 0.049
tt̄+bkg +0.012± 0.006 0.030± 0.007
(mc@nlo)
data signal −0.022± 0.039± 0.017 0.266± 0.053± 0.032
tt̄ +0.015± 0.006 0.043± 0.009
(mc@nlo)
data parton −0.116± 0.146± 0.047 0.475± 0.101± 0.049
mcfm +0.040± 0.006 0.088± 0.013

Table XIII compares the low and high mass asymme-

try to predictions for the data level, the background sub-

tracted signal-level, and the fully corrected parton-level.

The MC predictions include the 15% theoretical uncer-

tainty. At low mass, within uncertainties, the asymmetry

at all correction levels agrees with predictions consistent

with zero. At high mass, combining statistical and sys-

tematic uncertainties in quadrature, the asymmetries at

all levels exceed the predictions by more than three stan-

dard deviations. The parton-level comparison is summa-

rized in Fig. 14. For Mtt̄ ≥ 450 GeV/c2, the parton-level
asymmetry at in the tt̄ rest frame is Att̄ = 0.475± 0.114
(stat+sys), compared with the MCFM prediction of

Att̄ = 0.088± 0.013.

VIII. CROSS-CHECKS OF THE MASS
DEPENDENT ASYMMETRY

The large and unexpected asymmetry at high mass de-

mands a broader study of related effects in the tt̄ data.
We look for anomalies that could be evidence of a false

positive, along with correlations that could reveal more

about a true positive. In order to avoid any assumptions

related to the background subtraction, we make compar-

isons at the data level, appealing when necessary to the

full tt̄ + bkg simulation models.

FIG. 14: Parton-level asymmetry in ∆y at high and low mass
compared to mcfm prediction. The shaded region represents
the total uncertainty in each bin.
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FIG. 15: Distribution of tt̄ reconstruction χ2. Black crosses
are data, histogram is sig+bkg prediction.The last bin on the
right contains all events with χ2 > 100.

A. Lepton Type

All of our simulated models predict asymmetries that

are independent of the lepton type: pythia predicts

asymmetries that are consistent with zero, and the Octet

models predict asymmetries that are consistent with each

other. The data are shown in Table XIV. At high mass,

both lepton types show positive asymmetries consistent

within errors.

t̃→ tχ

20 40 60 80 100 Χ
2

10

20

30

40

50

AU
mT '� 300 GeV, �m � 3 GeV

CDF 2011 T. Volansky
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Models of top AFB
Carry out phenomenological  
comparison of feasibility of models 
-- models of flavor discussed later

Unfolding detector level -> parton 
level -- Highly model dependent?

Efficiencies (?)

Requires top reconstruction
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A Comprehensive 
Analysis

Generate ttbar events with MG/
MadEvent, shower with Pythia, pipe 
through PGS

Mixed leptonic/hadronic tops; 
replicate CDF cuts

e or mu with pT > 20 Gev, eta < 1; 4 jets with pT > 20, eta < 
2, 1 having b-tag; Etmiss > 20 GeV; photon and tau veto

Reconstruct top
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Parton Level Results
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Figure 2: Parton level forward-backward asymmetry for events with tt̄ invariant mass greater than

450 GeV versus leading-order cross-section in picobarns for various models. The mass (in GeV) and

coupling of the mediator are indicated by
� mass
coupling

�
. A comprehensive scan of models was carried

out, and only representative points are shown. The coupling shown for axigluons is gq
A

= −gt
A

(supposing gq
V
= gt

V
= 0) while the coupling shown for Z �

H
and W � models is gR (assuming gL = 0)

and the quoted couplings for triplets and sextets is g =

�
(g2

L
+ g2

R
)/2. For comparison against

observations, the horizontal shaded area lies in the ±1σ region of the measured (parton-level) value

of AFB(Mtt̄ > 450 GeV). The vertical lines lie at the central value of the CDF tt̄ production cross-

section (7.5± 0.48 pb), divided by a K-factor of 1.3 or 1. The SM marker lies at the value of the

LO Standard Model cross-section and the NLO value for the SM forward-backward asymmetry.

Note that care must be taken when comparing the new physics cross-sections against the Standard

Model cross-section, as the selection efficiencies for the new physics models can be lower. This is

discussed in more detail in the main text.

are shown. The horizontal shaded band lies at ±1σ values of the observed asymmetry

in the high invariant mass bin, Mtt̄ > 450 GeV. The vertical dashed lines correspond to

the combined tt̄ cross-section from CDF with 4.6 fb−1; CDF measures a cross-section of

9
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Parton Level Results
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Figure 5: AFB for Z �
H
, W � models with couplings as indicated in the legend (with g = gR, gL = 0),

with the hatched regions corresponding to 1σ errors based on the limited statistics of the sample.

The contribution to AFB includes both t-channel Z �
H
, W � exchange and single Z �

H
, W � production.

The red bars are the CDF observation with 1σ errors, while the blue bars indicate the NLO SM

contribution from [1], which has not been included in the LO contribution calculated via MadGraph

and PYTHIA. The last bin includes all events with mtt̄ > 450 GeV and |∆y| > 1, respectively.

A similar analysis is carried out for triplets, sextets and axigluons in Fig. (6). While

triplet and sextet models can marginally reproduce the asymmetries at LO, the rise between

the low and high invariant mass bins and low and high rapidity bins is not as pronounced for

the triplets and sextets as for the W � and Z �
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t
/t̂2

M
∼ (1 + cθ)2/(1 − cθ)2 which retains a contribution to the

asymmetry at high invariant mass.

The axigluon models tend to significantly underproduce the asymmetry in the high in-

14

400 GeV, g�3.

400 GeV, g�3.2

600 GeV, g�3.6

600 GeV, g�3.8

600 GeV, g�4.

0 450

�0.2

0.0

0.2

0.4

0.6

m
t t
�GeV�

A
F
B
t
t

Triplet

400 GeV, g�3.

400 GeV, g�3.2

600 GeV, g�3.6

600 GeV, g�3.8

600 GeV, g�4.

0 1

0.0

0.2

0.4

0.6

0.8

�y

A
F
B
t
t

Triplet

600 GeV, g�2.

800 GeV, g�2.4

1000 GeV, g�3.

1200 GeV, g�3.

1200 GeV, g�3.4

1400 GeV, g�4.

0 450

�0.2

0.0

0.2

0.4

0.6

m
t t
�GeV�

A
F
B
t
t

Sextet

600 GeV, g�2.

800 GeV, g�2.4

1000 GeV, g�3.

1200 GeV, g�3.

1200 GeV, g�3.4

1400 GeV, g�4.

0 1

0.0

0.2

0.4

0.6

0.8

�y

A
F
B
t
t

Sextet

2. TeV, gA
q�2.

2. TeV, gA
q�2.4

2. TeV, gA
q�3.2

2.2 TeV, gA
q�3.2

0 450

�0.2

0.0

0.2

0.4

0.6

m
t t
�GeV�

A
F
B
t
t

Axigluon

2. TeV, gA
q�2.

2. TeV, gA
q�2.4

2. TeV, gA
q�3.2

2.2 TeV, gA
q�3.2

0 1

0.0

0.2

0.4

0.6

0.8

�y

A
F
B
t
t

Axigluon
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contribution, which has not been included in the LO contribution calculated via MadGraph and

PYTHIA. The last bin includes all events with mtt̄ > 450 GeV and |∆y| > 1, respectively.

variant mass window. Choosing a larger coupling does not give rise to a larger asymmetry in

the high invariant mass bin because of width effects, and the axigluon mass cannot be low-

ered in order to compensate on account of dijet constraints [17]. Thus we see that axigluon

models have greater difficulty than Z �
H

and W � for reproducing the observations. Some of
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Figure 7:
dσ

dmtt̄
for the benchmark models appearing in Figs. (5, 6). The Tevatron measured cross

section (red crosses, from [52]), and LO SM cross-section with the same SM parameters and fixed

renormalization scale used to generate benchmark model events are also shown. No K-factors are

applied.

these constraints can be relaxed somewhat by moving away from the point gqA = −gtA [17].

In addition, on account of the large couplings present in these models, NLO corrections to

the new physics must be considered in order to draw firm conclusions.

Before moving on to the fully reconstructed sample, we compare the invariant mass

distributions of the LO PYTHIA results against the observations in Fig. (7). No K-factors
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these constraints can be relaxed somewhat by moving away from the point gqA = −gtA [17].

In addition, on account of the large couplings present in these models, NLO corrections to

the new physics must be considered in order to draw firm conclusions.

Before moving on to the fully reconstructed sample, we compare the invariant mass

distributions of the LO PYTHIA results against the observations in Fig. (7). No K-factors
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Figure 3: Efficiencies after showering events with PYTHIA and making the cuts detailed in section IV

on final state leptons and jets, with the hatched regions corresponding to 1σ errors based on the

limited statistics of the sample. No detector effects have been taken into account here. Black bars

are for LO Standard Model. All samples are LO matched.

7.5 ± 0.31(stat) ± 0.34(syst) ± 0.15(lumi), assuming a top mass of mt = 172.5 GeV [50].

The predicted next-to-leading-order (NLO) SM cross-section at the value of the top mass

we assumed in simulations, mt = 174.3, is about 7.2 pb [51], whereas we find the LO SM

cross-section is 5.6 pb, implying a SM K-factor of about 7.2/5.6 ≈ 1.3. Of course, the NLO

corrections to the new physics have not been calculated, so any comparison between the

observed cross-section and the tt̄ production cross-section is subject to some uncertainty. We

do choose to show in Fig. (2), however, the central value of the combined CDF tt̄ production

cross-section (7.5 pb) divided by the SM K-factor when comparing to the leading-order (LO)

tt̄ production cross-section of SM plus new physics against the observed production cross-

section. From the figure it is clear that, in general, excepting the Z �
H

and axigluon models,

models with couplings that are small enough to be in accord with the observed cross-section

do not produce a large enough asymmetry in the high tt̄ invariant mass bin.

This statement requires a strong qualification, however, which we investigate in detail be-

low after carrying out a reconstruction of the top samples in these models. The qualification

is that the efficiency for a tt̄ event to pass cuts (the same as those used in the CDF analysis

and our detector level analysis below, see Sec. (IV)) is strongly model dependent for cases

where there is a large asymmetry. This is shown in Fig. (3), where we see that the efficiencies

to pass cuts (after showering and jet clustering but no detector simulation) is suppressed by

more than a factor of two relative to the Standard Model for the 400 GeV Z �
H
model shown

10
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Assumed Efficiencies

Figure 4: Event distribution densities for benchmark models at the parton level. The vertical axis

is top quark pseudo-rapidity, and the horizonal axis it tt̄ invariant mass.

and by about a factor of 1.5 for the 800 GeV Z �
H

and the W � model. The reason for this

becomes clear after examining the distribution of events in top pseudorapidity, ηt, and and

tt̄ invariant mass, mtt̄, as shown in Fig. (4). In order to generate a large asymmetry, the ηt

distribution must be skewed significantly with respect to the SM distribution. To generate a

very large asymmetry in the high invariant mass bin, the distribution must be more skewed

at high invariant mass. The distributions for the Z �
H

and W � models are so skewed at high

invariant mass that the peak of the distribution lies close to the ηt = 1 line. Thus a cut on

lepton pseudorapidity of |η| ≤ 1 and jet rapidity of |η| ≤ 2 ends up cutting out a signifi-

cantly greater fraction of events at high invariant mass than in the SM case. Importantly, in

unfolding the differential tt̄ cross-section, assumptions about event selection efficiencies must

be made; the assumption is that actual event selection efficiencies do not differ substantially

from the Standard Model efficiencies [52, 53]. This assumption clearly breaks down in the

11
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Figure 8: Att̄

FB
(Mtt̄,i) for W �, Z �

H
, triplet, sextet and axigluon models. Red crosses are the CDF

values reconstructed from data. Blue crosses are the MC@NLO expectation. The last bin includes

all events with mtt̄ > 700 GeV.
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Figure 9: Att̄

FB
(q,Mtt̄) as defined in Eq.(14) for W �, Z �

H
, triplet, sextet, and axigluon models. Here,

the data is divided according to the charge, q, of the lepton in the event. Black (q > 0) and red

(q < 0) crosses are the CDF values reconstructed from data (with background subtracted).
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Invariant Mass 
Distributions

400 500 600 700 800 900

0.5

1.0

5.0

10.0

50.0

100.0

m
t t
�GeV�

�
E
v
en
ts
�with

5
.3
ft
�
1
�

400 GeV ZH ', g�1.75

400 500 600 700 800 900

0.5

1.0

5.0

10.0

50.0

100.0

m
t t
�GeV�

�
E
v
en
ts
�with

5
.3
ft
�
1
�

400 GeV W', g�2.55

400 500 600 700 800 900

0.5

1.0

5.0

10.0

50.0

100.0

m
t t
�GeV�

�
E
v
en
ts
�with

5
.3
ft
�
1
�

600 GeV Triplet, g�4.4

400 500 600 700 800 900

0.5

1.0

5.0

10.0

50.0

100.0

m
t t
�GeV�

�
E
v
en
ts
�with

5
.3
ft
�
1
�

1.4 TeV Sextet, g�4.0

400 500 600 700 800 900

0.5

1.0

5.0

10.0

50.0

100.0

m
t t
�GeV�

�
E
v
en
ts
�with

5
.3
ft
�
1
�

2 TeV Axigluon, gA
q��gAt�2.4

400 500 600 700 800 900

0.5

1.0

5.0

10.0

50.0

100.0

m
t t
�GeV�

�
E
v
en
ts
�with

5
.3
ft
�
1
�

800 GeV ZH ', g�3.4

Figure 10: Number of expected tt̄ events with 5.3 fb−1 at the Tevatron, distributed over mtt̄.

Events were passed through PGS and then tops were reconstructed using the algorithm detailed

in [48]. The red bars indicate CDF’s measurement, with expected background (as estimated by

CDF) subtracted. The green histogram is our SM sample and the purple histograms represent

model samples. For SM and model samples, a fixed number of events were generated, and then

event counts were scaled appropriately for 5.3 fb−1 integrated luminosity.

We also compare the reconstructed invariant mass spectrum against that reported in [1].

Since the efficiencies are lower for the Z �
H

and W � than for the Standard Model, we may

expect these models to agree better with the observations than suggested by the parton

level invariant mass spectra shown in Fig. (7). We compare in Fig. (10) the simulated recon-

structed invariant mass spectrum against that reported in [1]. First we note the discrepancy

at low invariant mass between all models (including the SM) and the observations, which
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Di-lepton channel
Also well-produced
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Figure 14: Parton level lepton forward-backward asymmetry for tt̄ events in which both tops decay

leptonically, and in which both leptons pass the rapidity cuts corresponding to those used in the

recent CDF analysis [49]. Red points are extracted from the results in [49]. (a): AFB(∆y�+�− ) as

a function of |∆y| = |y�+ − y�− |. (b): AFB(∆y�+�− ) =
N(y�+−y�−>0)−N(y�+−y�−<0)
N(y�+−y�−>0)+N(y�+−y�−<0) as a function of

�+�− invariant mass.

V. LEPTON ASYMMETRY

In order to avoid potential issues with the top reconstruction, one can also look at the

asymmetries in di-leptons, where both tops decay leptonically. The CDF collaboration re-

cently reported results from an analysis of di-leptonic tt̄ events. In addition to reporting

asymmetries obtained after reconstructing tops in events, they report the raw lepton asym-

metry [49]. We compare the raw lepton asymmetry in benchmark models at the showered

parton level to the CDF measured value in Fig. (14a). To better compare with the CDF

measurement, we show the asymmetry for only events that have electron rapidities in the

range |η| < 1.1 or 1.2 < |η| < 2.8 and muons with rapidities in the range |η| < 1, corre-

sponding to the rapidity cuts placed on the leptons in their analysis. We also point out

that examining the lepton asymmetry as a function of lepton-lepton invariant mass could be

instructive. We have shown the lepton forward-backward asymmetry as a function of m�+�−

in Fig. (14b).
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Other Observables

Lab vs CM

4 versus 
5 jet
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Figure 11: Att̄

FB
and App̄

FB
in low (mtt̄ < 450 GeV) and high (mtt̄ ≥ 450 GeV) tt̄ invariant mass

bins for Z �
H
, W �, triplet, sextet, and axigluon models. Red / Blue crosses are the CDF values

reconstructed from data in the lab / CM frames. Purple / Green crosses indicate the SM NLO

predictions.

we attribute to NLO corrections and to a difference between the PGS detector simulation

and the CDF simulation. However, we can see the effects of the efficiencies in the high

invariant mass bins noted in Fig. (3). For example, we can see the efficiency correction does

seem to bring the W � model into agreement with the SM. On the other hand, the triplet

model largely and almost uniformly overproduces the invariant mass distribution in all bins.

While the sextet model appears in better agreement at high invariant mass, it underpro-

duces the observed asymmetry as shown in Fig. (8). In general, triplet and sextet models

have greater difficulty producing the observed asymmetry while remaining consistent with

the total cross-section and invariant mass distribution, as emphasized by Figs. (2, 3).

There are two other comparisons that we are able to do with our fully reconstructed

asymmetry. We are able to compare the center-of-mass versus lab frame asymmetries, which

is shown in Fig. (11). While the models give rise to some difference between the CM and

lab frames, the difference is less pronounced than what CDF observes. We can also compare

the asymmetries in the four and five jet samples, as shown in Fig. (12). Here we see some

washout of the asymmetry in the 5 jet sample, an effect that is observed in the CDF data.

Lastly, though this is not considered in detail in the CDF analysis (a value for the raw

asymmetry after a χ2 cut of 3 is presented in Table XIV of [1]), it is interesting to observe
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Figure 12: Att̄

FB
in tt̄ low (mtt̄ < 450 GeV) and high (mtt̄ ≥ 450 GeV) invariant mass bins for

benchmark models. The simulated data samples were partitioned according to whether the event

had more than five jets with pT > 20 GeV and |η| < 2. The CDF measured lab frame asymmetry

for 4-jet and 5+-jet samples is shown as red crosses and black crosses, respectively.
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Figure 13: Att̄

FB
(Mtt̄,i) for Z �

H
model with various cuts on the tt̄ reconstruction χ2. The last bin

includes all events with mtt̄ > 700 GeV. Red crosses are the CDF values reconstructed from data.

CDF used a likelihood algorithm for top reconstruction, but made no χ2 cut.

the effect of a χ2 cut in the top reconstruction on the size of the asymmetry.6 We can see in

Fig. (13) that a moderate χ2 cut increases the asymmetry especially in high invariant mass

bins.

6 Recall that we reconstruct tops by doing a χ2 fit on the lepton and jet kinematics to the tt̄ hypothesis.

The fit has three degrees of freedom.
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Summary: Tevatron 
observables

After taking into account 
efficiencies, both W’ and Z’ models 
can effectively reproduce the 
asymmetry

Triplet and sextet scalars are 
ineffective; don’t reproduce steep 
rise and overproduce invariant mass 
distribution

Axigluon models also have difficulty
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LHC Observables

Search for O(1) flavor violation!

Couple strongly; light states; likely 
observable at LHC7 with 1 fb^-1

q
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t̃

(a) tt̄ production

g
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t̃

M

(b) t-channel

g

q

q
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(c) s-channel

g

q

M

M

t̃

(d) u-channel

(M=φa only)

Figure 1: Tree level tt̄ and single M production diagrams involving the mediatorM and the coupling

gM . The top quark, t̃, is t̃ = t when M = W �, Z �
H

, and t̃ = t̄ when M = φa (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At

FB
anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],
2
here we

2 For generic colored resonance search through QCD interations, see [35].
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In tt-bar+jet events, look for 
resonances in tj

Searching for top-
jet resonances
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Figure 2: Left: 1
σ

dσ
dMt̃j

distribution of reconstructed tops and one extra jet in units of (10 GeV)−1 for

smeared parton-level signal events and for Standard Model (SM) simulated reconstructed detector-

level events. The thick lines are the distribution for a W � resonance (t̄j) and the thinner solid lines

for a Z �
H

(t̄j). Right: 1
σ

dσ
d cos θt̃j

distribution of reconstructed tops and one extra jet for the same

events.

The invariant mass is the obvious variable to consider in a resonance search. In Fig. 2a,

we show the mt̃j distribution of several top-flavor-violating models along with the SM dis-

tribution. Here, to get a semi-realistic distribution, we smear visible particle momenta of

parton-level events according to the LHC-motivated uncertainties given in Appendix C, and

then we reconstruct top particles. The peaks in the mt̃j distribution for the signals are clear.

However, the SM distribution can obscure low mass signals since it peaks around 200 GeV.

The precise location of the SM peak just above the top mass depends on the choice of pT

cuts; the extra jet in Standard Model tt̄j events tends to be fairly soft, but still hard enough

to have passed the cuts.

Due to the overlap between the low mass resonance and the SM peaks, we consider another

variable, cos θt̃j, defined as the cosine of the angle between the reconstructed (anti) top and

the remaining jet in the lab frame. This variable is closely connected with the velocity

distribution of M , and thus has relatively small model dependencies since the Lorentz boost

of M in the lab frame is primarily determined by mM . As can be seen in Fig. 2b, the angular

variable can be an efficient separator for low mass resonances. For a low mass resonance

near the top quark mass, the resonant particle will be fairly boosted in the lab frame at

LHC energies, so that the resultant t̃ and j are collimated. On the other hand, for high

8
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Searching for top-
jet resonances
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Figure 3: Differential cross section in fb versus invariant mass (left top) or cos θt̄j (left bottom)

and corresponding χ2 per bin (right) for the background only hypothesis given 1 fb−1 of data

(right) and a 200 GeV W � resonance with coupling gR = 1. The normalized background is shown

in solid blue, and the “measured” (Standard Model + signal) differential cross-section is shown

as a red dashed-dotted line. The overall background normalization was fixed by matching to the

“measured” cross section between invariant masses from 300 to 700 GeV.

production cross-section of σ = 40 pb for mM = 200 GeV, changing to σ = 4 pb for mM =

600 GeV, can be constrained at the 3σ level. For example, this corresponds to a reach in

coupling of W � to dRt̄R at the level of gR = 1 for mW � = 200 GeV, weakening to gR = 1.75

for mW � = 600 GeV, assuming a 100% branching ratio to top-jet.

For a resonance coupling to u quarks in the initial state and a production cross-section

of σ = 27 pb for mM = 200 GeV, changing to σ ≈ 3 − 4 pb for mM = 600 GeV, can be

constrained at the 3σ level with 1 fb−1. For example, this corresponds to a reach in coupling

for a color triplet at the level of gφ = 0.8 for mφ = 200 GeV, weakening to gφ = 1.3 for

12
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Searching for top-
jet resonances

Bump-anti-bump-bump
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Figure 5: Differential cross section in fb versus invariant mass (left top) or cos θt̄j (left bottom) and

corresponding χ2 per bin (right) for the background only hypothesis given 1 fb−1 of data (right)

and a 400 GeV W � resonance with coupling gR = 1. The overall background normalization was

fixed by matching to the “measured” cross section between invariant masses from 150 to 250 GeV.

V. CONCLUSIONS

We considered the reach of the early LHC operation for top-flavor violating resonances. As

summarized in Fig. 9, low to moderate mass (∼200–600 GeV) top flavor violating resonances

can be effectively identified at the LHC at 7 TeV with only 1 fb
−1

of data. We constructed

a systematic procedure for this task. Besides searching for resonances in top-jet pairs in tt̄j

events, the key feature of this search is a fit to the continuum tt̄j background at moderate

to high invariant mass, with a search for bump features in the two-dimensional
d2σ

dmt̃jd cos θt̃j

distribution at low to moderate invariant mass. Such an early LHC search could shed light on

the physics responsible for the top forward-backward asymmetry observed at the Tevatron.
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Figure 4: Differential cross section in fb versus invariant mass (left top) or cos θt̄j (left bottom) and

corresponding χ2 per bin (right) for the background only hypothesis given 1 fb−1 of data (right)

and a 300 GeV W � resonance with coupling gR = 1. The overall background normalization was

fixed by matching to the “measured” cross section between invariant masses from 400 to 700 GeV.

mφ = 600 GeV, again assuming a 100% branching ratio to top-jet.

While the purpose of this paper was not to constrain specific models that might generate

the Tevatron forward backward asymmetry, we point the reader to existing models in the

literature [28–33] and note that the mass ranges and couplings that were discussed in those

papers as sources of the Tevatron forward-backward asymmetry are within reach of the LHC

even at 7 TeV and with only 1 fb
−1

of data. We leave a detailed discussion of this question

in light of recent results from CDF [4] for a forthcoming paper [40].
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LHC7 Reach
3 sigma excess with 1 fb^-1

Easy extension of tt-bar resonance 
searches
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Figure 9: Reach at the 7 TeV LHC for a W �
resonance (a), which couples primarily to down-top,

and for a Z �
H

resonance (b) and triplet resonance (c), which couple primarily to up-top. Lines

of constant coupling gR as defined in (1) are shown in gray, assuming 100% branching ratios to

top-jet. Note that the W �
and Z �

H
couplings to t̄RqR are defined with a factor of 1/

√
2.

Appendix B: χ2 statistic in Semi-leptonic Top Pair System

In the semi-leptonic top decays, all momenta except the neutrino momentum are directly

measured in the detector. For the neutrino, the transverse directional components are

determined by the missing transverse momentum. The longitudinal and time component

must be determined as those giving the best fit value of χ2
tt̄
for Eqs. (A1)–(A5). In this

section, we summarize the definition of χ2
tt̄
in a semi-leptonic top pair system.

The χ2
tt̄
statistic represents the likelihood of the hypotheses, Eqs. (A1)–(A5). It is written

as

χ2
tt̄
= yT · V −1 · y, (B1)
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Models of Flavor
LARGE flavor violation!!

Seems seriously constrained

Even with no tree level flavor 
violation in coupling, can enter in 
loops

3

FIG. 1: Unitarity triangle fit. In the top panel, the contour
and the fit predictions for sin(2β), fB and |Vub| are obtained
using Vcb, εK , γ, ∆MBd,s and B → τν. In the bottom panel,
the contour and the fit predictions for BR(B → τν), fB and
|Vub| are obtained using Vcb, εK , γ, ∆MBd,s and sin(2β).

This conclusion is corroborated by the observation that

even without usingB → τν at all, and using as input only

�K , ∆MBs/∆MBd and |Vcb| (see Fig. 4), the predicted

value of sin(2β) deviates by 2.1σ from its measurement

(in this case we find sin(2β)fit = 0.829 ± 0.079). Thus,

possible new physics in B → τν can alleviate but not

remove completely the tension in the fit.

We recall that the fit above is actually the simple fit we

had reported some time ago (now with updated lattice

inputs) with its resulting ≈ 2 σ deviation [4]. This fit is

somewhat special as primarily one is only using ∆F = 2

box graphs from �K and ∆MBs/∆MBd in conjunction

with lattice inputs for BK and the SU(3) breaking ratio

ξ. The experimental input from box graphs is clearly

short-distance dominated and for the lattice these

two inputs are particularly simple to calculate as the

relevant 4-quark operators have no mixing with lower

dimensional operators and also require no momentum

injection. The prospects for further improvements in

these calculations are high and the method should

continue to provide an accurate and clean “prediction”

for sin(2β) in the SM. So even if the current tensions

get resolved, this type of fit should remain a viable way

to test the SM as lattice calculations and experimental

inputs continue to improve.

FIG. 2: Unitarity triangle fit without semileptonic decays (up-
per panel) and without use of K mixing (lower panel).

Roles of Vcb, εK , Vub and of hadronic uncertain-
ties. The fit described above does use Vcb where again

the inclusive and exclusive methods differ mildly (about

1.7σ). Of greater concern here is that �K scales as |Vcb|4
and therefore is very sensitive to the error on Vcb. We

address this in two ways. First in Fig. 2a we study a fit

wherein no semi-leptonic input from b → c or b → u is

being used. Instead, in this fit BR(B → τν) and ∆MBs

along with �K , ∆MBs/∆MBd and γ are used. Interest-

ingly this fit gives

sin(2β)fit = 0.891± 0.052 , (5)

ffit
B = (200.7± 8.6) MeV (6)

Thus, once again, sin(2β) is off by 2.8σ whereas fB is in

very good agreement with directly measured value which

we again take to mean that the bulk of the discrepancy

is in sin(2β) rather than in B → τν or in Vcb.

Next we investigate the role of �K . In Fig. 2b we

show a fit where only input from B-physics, namely

∆MBs/∆MBd , ∆MBs , γ, |Vcb| and BR(B → τν) are

used. This fit yields,

sin(2β)fit = 0.891± 0.054 , (7)

ffit
B = (195± 11) MeV (8)

Thus, sin(2β)fit is off by ≈ 2.4σ and again ffit
B is in good

agreement with its direct determination. We are, there-

fore, led to conclude that the role of �K in the discrepancy

Lunghi, Soni
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Horizontal Symmetry

Strategy: charge minimal number of 
quarks required to generate anomaly

Avoid problem with same sign tops

uu and tt couplings can be tuned via 
mixings

(u, t)R

q

q̄

M

t̃

t̃

(a) tt̄ production
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q
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M

(b) t-channel

g

q

q

t̃

M

(c) s-channel

g

q

M

M

t̃

(d) u-channel

(M=φa only)

Figure 1: Tree level tt̄ and single M production diagrams involving the mediatorM and the coupling

gM . The top quark, t̃, is t̃ = t when M = W �, Z �
H

, and t̃ = t̄ when M = φa (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At

FB
anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],
2
here we

2 For generic colored resonance search through QCD interations, see [35].

3
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Flavor conserving Z’ is still there 
-- dijet constraints, UA2 bounds 
(sols: higher rep Higgs, light Z’)

Single top production 
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models with more sym
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FIG. 1: Bounds in the {MZ′ ,αX} plane. Exclusion limits are obtained by considering constraints

arising from one-loop corrections to the hadronic width of the Z boson [35, 36], searches for dijet

resonances at UA2 and CDF [37–39] (UA2 results from the first and second stage running are

shown in separate colors), angular distribution of dijet events at the 7 TeV LHC [40] and the

combined tt̄ resonance searches at CDF and D0 using up to 1 fb−1 of data [41, 42]. Also shown are

locations of benchmark points A,B,C that will be studied in more detail later. Plots are shown

for cos θ = 1 (top panel) and cos θ = 0.95 (bottom panel).

IV. CONSISTENCY WITH EXISTING TOP CROSS SECTION MEASURE-

MENTS

We now address the question of whether our benchmarks are consistent with the detailed

cross section measurements of the top quark at the Tevatron.

7

Jung, Pierce, Wells

8

TABLE I: Observed 95% C.L. upper limits on the new particle
production cross sections times branching fraction to dijets
times the acceptance for both jets to have |y| < 1 obtained
with the signal shapes from W ′, Z′, RS graviton (G∗), and
q∗ production.

Mass 95% C.L. σ · B · A [pb]
(GeV/c2) W ′ Z′ G∗ q∗

260 1.1 × 102 1.1 × 102 1.5 × 102 1.5 × 102

280 8.1 × 101 8.3 × 101 1.2 × 102 1.1 × 102

300 4.5 × 101 5.1 × 101 8.3 × 101 6.3 × 101

320 2.8 × 101 3.1 × 101 4.4 × 101 4.2 × 101

340 1.8 × 101 1.9 × 101 2.8 × 101 2.4 × 101

360 1.0 × 101 1.1 × 101 1.6 × 101 1.5 × 101

380 8.0 × 100 8.6 × 100 1.1 × 101 1.0 × 101

400 7.2 × 100 7.3 × 100 9.2 × 100 8.6 × 100

425 7.1 × 100 7.0 × 100 8.2 × 100 7.8 × 100

460 5.8 × 100 6.3 × 100 7.4 × 100 7.4 × 100

500 3.9 × 100 4.0 × 100 5.5 × 100 5.0 × 100

540 1.9 × 100 2.0 × 100 3.0 × 100 2.6 × 100

580 1.0 × 100 1.1 × 100 1.4 × 100 1.3 × 100

620 8.0 × 10−1 8.5 × 10−1 1.0 × 100 1.0 × 100

660 7.2 × 10−1 7.6 × 10−1 8.8 × 10−1 8.4 × 10−1

700 6.0 × 10−1 6.4 × 10−1 7.8 × 10−1 7.3 × 10−1

750 4.3 × 10−1 4.6 × 10−1 5.7 × 10−1 5.6 × 10−1

800 2.7 × 10−1 2.9 × 10−1 3.9 × 10−1 3.7 × 10−1

850 1.8 × 10−1 1.9 × 10−1 2.3 × 10−1 2.3 × 10−1

900 1.3 × 10−1 1.4 × 10−1 1.7 × 10−1 1.6 × 10−1

950 1.2 × 10−1 1.2 × 10−1 1.4 × 10−1 1.4 × 10−1

1000 1.1 × 10−1 1.1 × 10−1 1.3 × 10−1 1.2 × 10−1

1050 8.9 × 10−2 9.4 × 10−2 1.1 × 10−1 1.0 × 10−1

1100 6.7 × 10−2 7.1 × 10−2 8.5 × 10−2 8.2 × 10−2

1150 5.8 × 10−2 5.9 × 10−2 7.1 × 10−2 6.9 × 10−2

1200 4.6 × 10−2 4.8 × 10−2 5.8 × 10−2 5.7 × 10−2

1250 3.6 × 10−2 3.6 × 10−2 4.4 × 10−2 4.5 × 10−2

1300 2.6 × 10−2 2.7 × 10−2 3.3 × 10−2 3.4 × 10−2

1350 1.8 × 10−2 1.9 × 10−2 2.3 × 10−2 2.4 × 10−2

1400 1.4 × 10−2 1.4 × 10−2 1.6 × 10−2 1.8 × 10−2

µi ≡ σsigLiεin
sig
i /nsig

tot +nQCD
i is the predicted number of

events, εi is the event selection efficiency in the ith dijet
mass bin, and nsig

i /nsig
tot is the predicted fraction of signal

events in bin i. We model the QCD dijet mass spectrum
with Eq. (2) and use Eq. (1) to extract nQCD

i from the
differential cross section dσ/dmjj . For each value of σsig

we maximize the likelihood with respect to the four pa-
rameters in Eq. (2). We integrate this profiled likelihood
over Bayesian priors for the parameters describing the
systematic uncertainties [41], and we use a flat prior on
σsig to extract Bayesian upper limits on that parame-
ter. Although this procedure uses Bayesian techniques,
we verified that the resulting upper limits have good fre-
quentist coverage.

The obtained 95% confidence level (C.L.) limits us-
ing the W ′, Z ′, RS graviton, and q∗ signal resonance
shapes are shown in Fig. 4 and Table I as a function
of the new particle mass. Also shown in Fig. 4 are the
theoretical predictions for the various models. For the
W ′, Z ′, q∗, and RS graviton, the mass exclusion is de-
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FIG. 4: Observed 95% C.L. upper limits on new particle pro-
duction cross sections times the branching fraction to dijets
obtained with the signal shapes from (a) W ′, (b) Z′, (c) RS
graviton, and (d) q∗ production. Also shown are the cross sec-
tion predictions for the production of W ′, Z′, RS graviton,
ρT8, q∗, axigluon, flavor-universal coloron, and E6 diquark
for the set of parameters described in the text. The limits
and theoretical predictions are for events in which both of
the leading two jets have |y| < 1.

termined by comparing the limits obtained with their
respective signal shapes and σsig predictions. For the
axigluon, flavor-universal coloron, and E6 diquark, we
compare their σsig predictions to the limits obtained with
the q∗ signal shapes; these particles do not decay into the
mode containing a gluon, so their signal shape would be
narrower than that of q∗, and thus the mass exclusions
obtained with the q∗ signal shapes are conservative. For
ρT8, we compare its σsig predictions with the limits ob-
tained using the RS graviton signal shapes. The ρT8 and
RS graviton decay channels are similar; the branching
fraction to the gg state is higher for the RS gravitons
than for ρT8, so comparing the limits obtained using the
RS graviton signal shapes to the ρT8’s σsig predictions

CDF 2008
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Irreducible 
Consequences

2

mW � � 600 GeV [18]. Such a splitting could be gener-
ated in principle by adding an additional U(1) (via the same
mechanism which splits the W

� and Z
� in the SM). How-

ever, since the SU(2)R coupling must be rather large already
(g̃ � 1.5 − 2) to generate the forward-backward asymmetry,
it is hard to imagine that such an additional coupling from a
U(1)� could generate a sufficiently large splitting. Instead we
suppose that a Higgs from a higher representation is responsi-
ble for the right-handed ρ parameter deviating from one. The
ratio of the W

� and Z
� masses is m2

W �
m2

Z�
=

1
2 (T (T+1)−T 2

3 )
T 2
3

,

where T denotes the isospin of the representation, and T3

denotes the isospin component of the Higgs which obtains
a vev. For a triplet Higgs whose T3 = −1 component ob-
tains a vev, m2

W �/m
2
Z� = 1/2, which can satisfy the Teva-

tron dijet constraints for sufficiently heavy W
�. With mW � ≈

400 − 600 GeV and g̃ ≈ 1.5 − 2, the top A
tt̄ can be brought

into accordance with experiment while mZ� ∼ TeV.
Having fixed the masses and couplings for the top forward-

backward asymmetry, we consider the effects of coupling
(u, b)R to W

�. This gives rise to potentially large contri-
butions to Bd − B̄d mixing, through the diagram shown in
Fig. (1). Naı̈vely these contributions would be disastrously
large, because there is no CKM suppression at the vertices.
There is however a chiral suppression of the light quark mass
mu which makes this contribution phenomenologically feasi-
ble:

MLR = −g
2
g̃
2 mtmu

32π2m4
W �

OLR

�
log β

(1− β)(x�
t − β)

+
log x�

t

(1− x
�
t)(β − x

�
t)

�
, (3)

where x
�
t = m

2
t/m

2
W � , β = m

2
W /m

2
W � , and OLR =

�
ū
α
d
1
2γν(1− γ5)uα

b

�
×

�
v̄
β
d
1
2γν(1 + γ5)v

β
b

�
. Here we have

used the computation of [19]. This is to be compared against
the Standard Model results:

MLL � g
4
V

2
tdηtH(xt)

m
2
t

32π2m4
W

OLL, (4)

where H(xt) =
1
4 + 9

4
1

1−xt
− 3

2
1

(1−xt)2
− 3

2
x2
t

(1−xt)3
log xt �

0.55 and ηt ≈ 0.58 accounts for QCD corrections. The matrix
elements are read off in the standard way:

�B̄d|OLL|Bd� = B
(1)
d

1

3
f
2
Bd

mBd

�B̄d|OLR|Bd� = B
(4)
d

m
3
Bd

4(mb +md)2
f
2
Bd

. (5)

with B
(1)
d = 0.8 and B

(4)
d = 1.16. The ratio of the amplitudes

is

MLR

MLL
� −0.2

�
g̃

2

�2 �450 GeV
mW �

�4
G(xt)

G(x0
t )
, (6)

where we have used mu = 2.5 MeV, Vtd = 8 × 10−3, and
G(xt) = (log β/(1− β)− log x�

t/(1− x
�
t))/(x

�
t − β), where

d̄

b

b̄

du

WLWR

t̄
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FIG. 1: Maximal flavor violating contribution to Bd mixing. Note
that there is no CKM suppression at any of the vertices, but the di-
agram remains small enough due to the chiral suppression of the up
quark.

G(x0
t ) is evaluated at mW � = 450 GeV. Such an amplitude of

Bd− B̄d mixing is consistent with the size of the new physics
contributions in a global fit [14] to the Bs and Bd anomalies
described in the introduction, in concert with the new contri-
butions to Bs − B̄s mixing described below.

A new CP-violating phase φ0
d could also contribute to the

discrepancy in the measurement of sin 2β in Bd → ψKS with
respect to the value obtained from CKM triangle fits. Using
a definition SψK = sin

�
2β + arg(1 + hde

2iφd)
�
, an angle

φd between π/2 and 3π/4 could contribute to −ηCPSψK =
0.655± 0.0244 to explain the discrepancy between it and the
best-fit CKM triangle value obtained in [13]: sin(2β)fit =
0.891± 0.052.

By itself, Bd mixing is not sufficient to generate the Teva-
tron di-muon asymmetry. However, any mass mixing between
b and s quarks will give rise to b–s flavor changing neutral cur-
rents, since the W

� and Z
� couplings are non universal. For

example, a small mixing between bR and sR could give rise
to new contributions in Bs mixing, with a new CP-violating
phase capable of explaining the asymmetry observed at the
Tevatron. The flavor-changing operator is

S
2
sbg̃

2

m
2
Z�

b̄Rγ
µ
sRb̄RγµsR, (7)

where Ssb is the b–s mixing angle. The effects of flavor-
changing b → s transitions have already been analyzed in
the literature, and we make use of the result here [20]. In or-
der to generate an asymmetry of comparable size to that at the
Tevatron we require

Λ ≡ m
�
Z

|Ssb|g̃
∼ 0.4− 1.2 TeV

�
10−2.5

g̃|Ssb|

�
, (8)

giving an approximate size to the flavor violation. One might
worry that these flavor changing processes could contribute to
Bs → µ

+
µ
− processes since Z

� couples to hypercharge and
hence picks up a coupling to µ

+
µ
− of size g

2
1/g̃, where g1

is the hypercharge coupling. The branching fraction for this
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FIG. 1: Maximal flavor violating contribution to Bd mixing. Note
that there is no CKM suppression at any of the vertices, but the di-
agram remains small enough due to the chiral suppression of the up
quark.

G(x0
t ) is evaluated at mW � = 450 GeV. Such an amplitude of

Bd− B̄d mixing is consistent with the size of the new physics
contributions in a global fit [14] to the Bs and Bd anomalies
described in the introduction, in concert with the new contri-
butions to Bs − B̄s mixing described below.
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rents, since the W

� and Z
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phase capable of explaining the asymmetry observed at the
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7

FIG. 6: Left panel: this diagram contributes to the tt̄ asymmetry, through interference with gluonic contributions to the
same process in the Standard Model. Right panel: a similar diagram gives rise to same-sign top quark production at tree
level. Experimental constraints on tt, t̄t̄ production must be taken into account when attempting to explain the observed tt̄
asymmetry.

V. t− t̄ FORWARD-BACKWARD ASYMMETRY AT THE TEVATRON

The forward-backward asymmetry in top quark pair production at the Tevatron has first been studied by the D0

and CDF experiments in Refs. [52, 53], and recently measured by CDF using a significantly larger dataset [16]. This

new analysis finds a 3.4σ discrepancy between the prediction of the Standard Model and the asymmetry measured in

events with a large tt̄ invariant mass (the discrepancy is less than 2σ if all values of the tt̄ invariant mass are included).

A more recent analysis by CDF identifies further evidence for such a discrepancy among tt̄ dilepton events [17].

One possible explanation for this discrepancy is a flavor-violating chirally coupled Z � boson that mixes, for instance,

up and top quarks [22, 54–59].3 Since such a Z � boson contributes to tt̄ production only in the t-channel (as shown in

Fig. 6), it will not necessarily lead to unacceptable modifications to the total tt̄ cross section, although contributions

to other processes such as same-sign top production (also shown in Fig. 6) must be taken into account.

To assess in more detail the consistency of a flavor-violating Z � boson with the CDF data, we consider the model

proposed in Ref. [22] in which the Z � couples through the operator

gutZ�Z �
µūγ

µPRt+ h.c. , (1)

where PR = (1+ γ5)/2 is the projector onto right-chiral states, and gutZ� is the flavor-violating Z � coupling constant.

We have simulated tree-level tt̄ production in this model at the parton-level using MadGraph/MadEvent. We compute

the tt̄ asymmetry in the tt̄ rest frame as

Att̄
Z� =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
, (2)

where N(∆y ≶ 0) is the number of events in which the rapidity difference between the top and the anti-top quark is

less/greater than zero. Since our simulation is carried out at tree level, it includes only the new physics contribution to

the asymmetry, but not the Standard Model terms which arise at next-to-leading order. To compare our predictions to

CDF data, we therefore add the Standard Model asymmetry, which we take from Ref. [16]. In the left panel of Fig. 7,

we show the tt̄ asymmetry predicted in the Z � model (including the Standard Model contribution) for mZ� = 150 GeV,

gutZ� = 0.5, and compare it to CDF data and to the Standard Model prediction alone. We observe that the Z � model

can explain the increase of the asymmetry with increasing tt̄ invariant mass mtt̄.

In the right panel of Fig. 7, we show the preferred regions of the Z � parameter space. We find that a Z � with a mass

between 100 and 300 GeV, and couplings gutZ� on the order of ∼ 0.3–0.8 provides the best fit to the experimental

observations. We also show the constraints on the Z � model coming from measurements of the total cross section of

3 An alternative possibility is a W � boson coupling down and top quarks [60, 61]. Alternatively, axigluons [62–65] or other heavy color
multiplets [66–70] (but see also [71]) can be invoked to explain the CDF tt̄ asymmetry.
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mW � � 600 GeV [18]. Such a splitting could be gener-
ated in principle by adding an additional U(1) (via the same
mechanism which splits the W

� and Z
� in the SM). How-

ever, since the SU(2)R coupling must be rather large already
(g̃ � 1.5 − 2) to generate the forward-backward asymmetry,
it is hard to imagine that such an additional coupling from a
U(1)� could generate a sufficiently large splitting. Instead we
suppose that a Higgs from a higher representation is responsi-
ble for the right-handed ρ parameter deviating from one. The
ratio of the W

� and Z
� masses is m2

W �
m2

Z�
=

1
2 (T (T+1)−T 2

3 )
T 2
3

,

where T denotes the isospin of the representation, and T3

denotes the isospin component of the Higgs which obtains
a vev. For a triplet Higgs whose T3 = −1 component ob-
tains a vev, m2

W �/m
2
Z� = 1/2, which can satisfy the Teva-

tron dijet constraints for sufficiently heavy W
�. With mW � ≈

400 − 600 GeV and g̃ ≈ 1.5 − 2, the top A
tt̄ can be brought

into accordance with experiment while mZ� ∼ TeV.
Having fixed the masses and couplings for the top forward-

backward asymmetry, we consider the effects of coupling
(u, b)R to W

�. This gives rise to potentially large contri-
butions to Bd − B̄d mixing, through the diagram shown in
Fig. (1). Naı̈vely these contributions would be disastrously
large, because there is no CKM suppression at the vertices.
There is however a chiral suppression of the light quark mass
mu which makes this contribution phenomenologically feasi-
ble:

MLR = −g
2
g̃
2 mtmu

32π2m4
W �

OLR

�
log β

(1− β)(x�
t − β)

+
log x�

t
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t)(β − x
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�
, (3)
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2
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ū
α
d
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2γν(1− γ5)uα
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�
×

�
v̄
β
d
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β
b

�
. Here we have

used the computation of [19]. This is to be compared against
the Standard Model results:
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tdηtH(xt)

m
2
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32π2m4
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OLL, (4)

where H(xt) =
1
4 + 9

4
1

1−xt
− 3

2
1

(1−xt)2
− 3

2
x2
t

(1−xt)3
log xt �

0.55 and ηt ≈ 0.58 accounts for QCD corrections. The matrix
elements are read off in the standard way:
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(1)
d

1

3
f
2
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mBd
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(4)
d

m
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with B
(1)
d = 0.8 and B

(4)
d = 1.16. The ratio of the amplitudes

is
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�
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2

�2 �450 GeV
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�4
G(xt)
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, (6)

where we have used mu = 2.5 MeV, Vtd = 8 × 10−3, and
G(xt) = (log β/(1− β)− log x�

t/(1− x
�
t))/(x

�
t − β), where

d̄

b
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du
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t̄
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FIG. 1: Maximal flavor violating contribution to Bd mixing. Note
that there is no CKM suppression at any of the vertices, but the di-
agram remains small enough due to the chiral suppression of the up
quark.

G(x0
t ) is evaluated at mW � = 450 GeV. Such an amplitude of

Bd− B̄d mixing is consistent with the size of the new physics
contributions in a global fit [14] to the Bs and Bd anomalies
described in the introduction, in concert with the new contri-
butions to Bs − B̄s mixing described below.

A new CP-violating phase φ0
d could also contribute to the

discrepancy in the measurement of sin 2β in Bd → ψKS with
respect to the value obtained from CKM triangle fits. Using
a definition SψK = sin

�
2β + arg(1 + hde

2iφd)
�
, an angle

φd between π/2 and 3π/4 could contribute to −ηCPSψK =
0.655± 0.0244 to explain the discrepancy between it and the
best-fit CKM triangle value obtained in [13]: sin(2β)fit =
0.891± 0.052.

By itself, Bd mixing is not sufficient to generate the Teva-
tron di-muon asymmetry. However, any mass mixing between
b and s quarks will give rise to b–s flavor changing neutral cur-
rents, since the W

� and Z
� couplings are non universal. For

example, a small mixing between bR and sR could give rise
to new contributions in Bs mixing, with a new CP-violating
phase capable of explaining the asymmetry observed at the
Tevatron. The flavor-changing operator is

S
2
sbg̃

2

m
2
Z�

b̄Rγ
µ
sRb̄RγµsR, (7)

where Ssb is the b–s mixing angle. The effects of flavor-
changing b → s transitions have already been analyzed in
the literature, and we make use of the result here [20]. In or-
der to generate an asymmetry of comparable size to that at the
Tevatron we require

Λ ≡ m
�
Z

|Ssb|g̃
∼ 0.4− 1.2 TeV

�
10−2.5

g̃|Ssb|

�
, (8)

giving an approximate size to the flavor violation. One might
worry that these flavor changing processes could contribute to
Bs → µ

+
µ
− processes since Z

� couples to hypercharge and
hence picks up a coupling to µ

+
µ
− of size g

2
1/g̃, where g1

is the hypercharge coupling. The branching fraction for this

7

FIG. 6: Left panel: this diagram contributes to the tt̄ asymmetry, through interference with gluonic contributions to the
same process in the Standard Model. Right panel: a similar diagram gives rise to same-sign top quark production at tree
level. Experimental constraints on tt, t̄t̄ production must be taken into account when attempting to explain the observed tt̄
asymmetry.

V. t− t̄ FORWARD-BACKWARD ASYMMETRY AT THE TEVATRON

The forward-backward asymmetry in top quark pair production at the Tevatron has first been studied by the D0

and CDF experiments in Refs. [52, 53], and recently measured by CDF using a significantly larger dataset [16]. This

new analysis finds a 3.4σ discrepancy between the prediction of the Standard Model and the asymmetry measured in

events with a large tt̄ invariant mass (the discrepancy is less than 2σ if all values of the tt̄ invariant mass are included).

A more recent analysis by CDF identifies further evidence for such a discrepancy among tt̄ dilepton events [17].

One possible explanation for this discrepancy is a flavor-violating chirally coupled Z � boson that mixes, for instance,

up and top quarks [22, 54–59].3 Since such a Z � boson contributes to tt̄ production only in the t-channel (as shown in

Fig. 6), it will not necessarily lead to unacceptable modifications to the total tt̄ cross section, although contributions

to other processes such as same-sign top production (also shown in Fig. 6) must be taken into account.

To assess in more detail the consistency of a flavor-violating Z � boson with the CDF data, we consider the model

proposed in Ref. [22] in which the Z � couples through the operator

gutZ�Z �
µūγ

µPRt+ h.c. , (1)

where PR = (1+ γ5)/2 is the projector onto right-chiral states, and gutZ� is the flavor-violating Z � coupling constant.

We have simulated tree-level tt̄ production in this model at the parton-level using MadGraph/MadEvent. We compute

the tt̄ asymmetry in the tt̄ rest frame as

Att̄
Z� =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
, (2)

where N(∆y ≶ 0) is the number of events in which the rapidity difference between the top and the anti-top quark is

less/greater than zero. Since our simulation is carried out at tree level, it includes only the new physics contribution to

the asymmetry, but not the Standard Model terms which arise at next-to-leading order. To compare our predictions to

CDF data, we therefore add the Standard Model asymmetry, which we take from Ref. [16]. In the left panel of Fig. 7,

we show the tt̄ asymmetry predicted in the Z � model (including the Standard Model contribution) for mZ� = 150 GeV,

gutZ� = 0.5, and compare it to CDF data and to the Standard Model prediction alone. We observe that the Z � model

can explain the increase of the asymmetry with increasing tt̄ invariant mass mtt̄.

In the right panel of Fig. 7, we show the preferred regions of the Z � parameter space. We find that a Z � with a mass

between 100 and 300 GeV, and couplings gutZ� on the order of ∼ 0.3–0.8 provides the best fit to the experimental

observations. We also show the constraints on the Z � model coming from measurements of the total cross section of

3 An alternative possibility is a W � boson coupling down and top quarks [60, 61]. Alternatively, axigluons [62–65] or other heavy color
multiplets [66–70] (but see also [71]) can be invoked to explain the CDF tt̄ asymmetry.
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Fit to Tevatron 
anomalies

3 sigma deviation from SM

The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [16]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [17] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [17], except for the lattice input

parameters where we use [18], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood

of the recent CDF measurement [8] (the 2d likelihood is

not available); these fits are done without assumptions

on the strong phases. As already mentioned, neither the

CDF nor the DØ result gives a significant tension in the

fit, so we expect that a real 2d Tevatron combination of

the ICHEP 2010 results [8, 19] will not alter our results

significantly. For the results presented here, we marginal-

ize over |Γs
12| in the range 0 − 0.3 ps−1

, finding that the

data prefer values for ∆Γs about 2.5 times larger than

the prediction [2]. If we use the theory prediction, our

conclusions about NP do not change substantially, but

the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8
with sizable NP phases, σs ∼ 120

◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predictions. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close
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tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [17] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [17], except for the lattice input

parameters where we use [18], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood

of the recent CDF measurement [8] (the 2d likelihood is

not available); these fits are done without assumptions

on the strong phases. As already mentioned, neither the

CDF nor the DØ result gives a significant tension in the

fit, so we expect that a real 2d Tevatron combination of

the ICHEP 2010 results [8, 19] will not alter our results

significantly. For the results presented here, we marginal-

ize over |Γs
12| in the range 0 − 0.3 ps−1

, finding that the

data prefer values for ∆Γs about 2.5 times larger than

the prediction [2]. If we use the theory prediction, our

conclusions about NP do not change substantially, but

the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8
with sizable NP phases, σs ∼ 120

◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predictions. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,
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q mixing amplitude and SM superscripts
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tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [17] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [17], except for the lattice input

parameters where we use [18], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood

of the recent CDF measurement [8] (the 2d likelihood is

not available); these fits are done without assumptions

on the strong phases. As already mentioned, neither the

CDF nor the DØ result gives a significant tension in the

fit, so we expect that a real 2d Tevatron combination of

the ICHEP 2010 results [8, 19] will not alter our results

significantly. For the results presented here, we marginal-

ize over |Γs
12| in the range 0 − 0.3 ps−1

, finding that the

data prefer values for ∆Γs about 2.5 times larger than

the prediction [2]. If we use the theory prediction, our

conclusions about NP do not change substantially, but

the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8
with sizable NP phases, σs ∼ 120

◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predictions. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close
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2

mW � � 600 GeV [18]. Such a splitting could be gener-
ated in principle by adding an additional U(1) (via the same
mechanism which splits the W

� and Z
� in the SM). How-

ever, since the SU(2)R coupling must be rather large already
(g̃ � 1.5 − 2) to generate the forward-backward asymmetry,
it is hard to imagine that such an additional coupling from a
U(1)� could generate a sufficiently large splitting. Instead we
suppose that a Higgs from a higher representation is responsi-
ble for the right-handed ρ parameter deviating from one. The
ratio of the W

� and Z
� masses is m2

W �
m2

Z�
=

1
2 (T (T+1)−T 2

3 )
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FIG. 1: Maximal flavor violating contribution to Bd mixing. Note
that there is no CKM suppression at any of the vertices, but the di-
agram remains small enough due to the chiral suppression of the up
quark.

G(x0
t ) is evaluated at mW � = 450 GeV. Such an amplitude of

Bd− B̄d mixing is consistent with the size of the new physics
contributions in a global fit [14] to the Bs and Bd anomalies
described in the introduction, in concert with the new contri-
butions to Bs − B̄s mixing described below.

A new CP-violating phase φ0
d could also contribute to the

discrepancy in the measurement of sin 2β in Bd → ψKS with
respect to the value obtained from CKM triangle fits. Using
a definition SψK = sin

�
2β + arg(1 + hde

2iφd)
�
, an angle

φd between π/2 and 3π/4 could contribute to −ηCPSψK =
0.655± 0.0244 to explain the discrepancy between it and the
best-fit CKM triangle value obtained in [13]: sin(2β)fit =
0.891± 0.052.

By itself, Bd mixing is not sufficient to generate the Teva-
tron di-muon asymmetry. However, any mass mixing between
b and s quarks will give rise to b–s flavor changing neutral cur-
rents, since the W

� and Z
� couplings are non universal. For

example, a small mixing between bR and sR could give rise
to new contributions in Bs mixing, with a new CP-violating
phase capable of explaining the asymmetry observed at the
Tevatron. The flavor-changing operator is

S
2
sbg̃

2

m
2
Z�

b̄Rγ
µ
sRb̄RγµsR, (7)

where Ssb is the b–s mixing angle. The effects of flavor-
changing b → s transitions have already been analyzed in
the literature, and we make use of the result here [20]. In or-
der to generate an asymmetry of comparable size to that at the
Tevatron we require

Λ ≡ m
�
Z

|Ssb|g̃
∼ 0.4− 1.2 TeV

�
10−2.5

g̃|Ssb|

�
, (8)

giving an approximate size to the flavor violation. One might
worry that these flavor changing processes could contribute to
Bs → µ

+
µ
− processes since Z

� couples to hypercharge and
hence picks up a coupling to µ

+
µ
− of size g

2
1/g̃, where g1

is the hypercharge coupling. The branching fraction for this

2

mW � � 600 GeV [18]. Such a splitting could be gener-
ated in principle by adding an additional U(1) (via the same
mechanism which splits the W

� and Z
� in the SM). How-

ever, since the SU(2)R coupling must be rather large already
(g̃ � 1.5 − 2) to generate the forward-backward asymmetry,
it is hard to imagine that such an additional coupling from a
U(1)� could generate a sufficiently large splitting. Instead we
suppose that a Higgs from a higher representation is responsi-
ble for the right-handed ρ parameter deviating from one. The
ratio of the W

� and Z
� masses is m2

W �
m2

Z�
=

1
2 (T (T+1)−T 2

3 )
T 2
3

,

where T denotes the isospin of the representation, and T3

denotes the isospin component of the Higgs which obtains
a vev. For a triplet Higgs whose T3 = −1 component ob-
tains a vev, m2

W �/m
2
Z� = 1/2, which can satisfy the Teva-

tron dijet constraints for sufficiently heavy W
�. With mW � ≈

400 − 600 GeV and g̃ ≈ 1.5 − 2, the top A
tt̄ can be brought

into accordance with experiment while mZ� ∼ TeV.
Having fixed the masses and couplings for the top forward-

backward asymmetry, we consider the effects of coupling
(u, b)R to W

�. This gives rise to potentially large contri-
butions to Bd − B̄d mixing, through the diagram shown in
Fig. (1). Naı̈vely these contributions would be disastrously
large, because there is no CKM suppression at the vertices.
There is however a chiral suppression of the light quark mass
mu which makes this contribution phenomenologically feasi-
ble:

MLR = −g
2
g̃
2 mtmu

32π2m4
W �

OLR

�
log β

(1− β)(x�
t − β)

+
log x�

t

(1− x
�
t)(β − x

�
t)

�
, (3)

where x
�
t = m

2
t/m

2
W � , β = m

2
W /m

2
W � , and OLR =

�
ū
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that there is no CKM suppression at any of the vertices, but the di-
agram remains small enough due to the chiral suppression of the up
quark.
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FIG. 1: Maximal flavor violating contribution to Bd mixing. Note
that there is no CKM suppression at any of the vertices, but the di-
agram remains small enough due to the chiral suppression of the up
quark.
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FIG. 6: Left panel: this diagram contributes to the tt̄ asymmetry, through interference with gluonic contributions to the
same process in the Standard Model. Right panel: a similar diagram gives rise to same-sign top quark production at tree
level. Experimental constraints on tt, t̄t̄ production must be taken into account when attempting to explain the observed tt̄
asymmetry.

V. t− t̄ FORWARD-BACKWARD ASYMMETRY AT THE TEVATRON

The forward-backward asymmetry in top quark pair production at the Tevatron has first been studied by the D0

and CDF experiments in Refs. [52, 53], and recently measured by CDF using a significantly larger dataset [16]. This

new analysis finds a 3.4σ discrepancy between the prediction of the Standard Model and the asymmetry measured in

events with a large tt̄ invariant mass (the discrepancy is less than 2σ if all values of the tt̄ invariant mass are included).

A more recent analysis by CDF identifies further evidence for such a discrepancy among tt̄ dilepton events [17].

One possible explanation for this discrepancy is a flavor-violating chirally coupled Z � boson that mixes, for instance,

up and top quarks [22, 54–59].3 Since such a Z � boson contributes to tt̄ production only in the t-channel (as shown in

Fig. 6), it will not necessarily lead to unacceptable modifications to the total tt̄ cross section, although contributions

to other processes such as same-sign top production (also shown in Fig. 6) must be taken into account.

To assess in more detail the consistency of a flavor-violating Z � boson with the CDF data, we consider the model

proposed in Ref. [22] in which the Z � couples through the operator

gutZ�Z �
µūγ

µPRt+ h.c. , (1)

where PR = (1+ γ5)/2 is the projector onto right-chiral states, and gutZ� is the flavor-violating Z � coupling constant.

We have simulated tree-level tt̄ production in this model at the parton-level using MadGraph/MadEvent. We compute

the tt̄ asymmetry in the tt̄ rest frame as

Att̄
Z� =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
, (2)

where N(∆y ≶ 0) is the number of events in which the rapidity difference between the top and the anti-top quark is

less/greater than zero. Since our simulation is carried out at tree level, it includes only the new physics contribution to

the asymmetry, but not the Standard Model terms which arise at next-to-leading order. To compare our predictions to

CDF data, we therefore add the Standard Model asymmetry, which we take from Ref. [16]. In the left panel of Fig. 7,

we show the tt̄ asymmetry predicted in the Z � model (including the Standard Model contribution) for mZ� = 150 GeV,

gutZ� = 0.5, and compare it to CDF data and to the Standard Model prediction alone. We observe that the Z � model

can explain the increase of the asymmetry with increasing tt̄ invariant mass mtt̄.

In the right panel of Fig. 7, we show the preferred regions of the Z � parameter space. We find that a Z � with a mass

between 100 and 300 GeV, and couplings gutZ� on the order of ∼ 0.3–0.8 provides the best fit to the experimental

observations. We also show the constraints on the Z � model coming from measurements of the total cross section of

3 An alternative possibility is a W � boson coupling down and top quarks [60, 61]. Alternatively, axigluons [62–65] or other heavy color
multiplets [66–70] (but see also [71]) can be invoked to explain the CDF tt̄ asymmetry.
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Phases
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mW � � 600 GeV [18]. Such a splitting could be gener-
ated in principle by adding an additional U(1) (via the same
mechanism which splits the W

� and Z
� in the SM). How-

ever, since the SU(2)R coupling must be rather large already
(g̃ � 1.5 − 2) to generate the forward-backward asymmetry,
it is hard to imagine that such an additional coupling from a
U(1)� could generate a sufficiently large splitting. Instead we
suppose that a Higgs from a higher representation is responsi-
ble for the right-handed ρ parameter deviating from one. The
ratio of the W

� and Z
� masses is m2

W �
m2

Z�
=

1
2 (T (T+1)−T 2

3 )
T 2
3

,

where T denotes the isospin of the representation, and T3

denotes the isospin component of the Higgs which obtains
a vev. For a triplet Higgs whose T3 = −1 component ob-
tains a vev, m2

W �/m
2
Z� = 1/2, which can satisfy the Teva-

tron dijet constraints for sufficiently heavy W
�. With mW � ≈

400 − 600 GeV and g̃ ≈ 1.5 − 2, the top A
tt̄ can be brought

into accordance with experiment while mZ� ∼ TeV.
Having fixed the masses and couplings for the top forward-

backward asymmetry, we consider the effects of coupling
(u, b)R to W

�. This gives rise to potentially large contri-
butions to Bd − B̄d mixing, through the diagram shown in
Fig. (1). Naı̈vely these contributions would be disastrously
large, because there is no CKM suppression at the vertices.
There is however a chiral suppression of the light quark mass
mu which makes this contribution phenomenologically feasi-
ble:

MLR = −g
2
g̃
2 mtmu

32π2m4
W �

OLR

�
log β

(1− β)(x�
t − β)

+
log x�

t

(1− x
�
t)(β − x

�
t)

�
, (3)

where x
�
t = m

2
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2
W � , β = m

2
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2
W � , and OLR =
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ū
α
d
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2γν(1− γ5)uα

b

�
×

�
v̄
β
d
1
2γν(1 + γ5)v

β
b

�
. Here we have

used the computation of [19]. This is to be compared against
the Standard Model results:
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4
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m
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32π2m4
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where H(xt) =
1
4 + 9

4
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1−xt
− 3

2
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− 3

2
x2
t

(1−xt)3
log xt �

0.55 and ηt ≈ 0.58 accounts for QCD corrections. The matrix
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(1)
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1

3
f
2
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mBd
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(4)
d

m
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4(mb +md)2
f
2
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. (5)

with B
(1)
d = 0.8 and B

(4)
d = 1.16. The ratio of the amplitudes
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MLL
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2
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t/(1− x
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t))/(x

�
t − β), where
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du

WLWR
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FIG. 1: Maximal flavor violating contribution to Bd mixing. Note
that there is no CKM suppression at any of the vertices, but the di-
agram remains small enough due to the chiral suppression of the up
quark.

G(x0
t ) is evaluated at mW � = 450 GeV. Such an amplitude of

Bd− B̄d mixing is consistent with the size of the new physics
contributions in a global fit [14] to the Bs and Bd anomalies
described in the introduction, in concert with the new contri-
butions to Bs − B̄s mixing described below.

A new CP-violating phase φ0
d could also contribute to the

discrepancy in the measurement of sin 2β in Bd → ψKS with
respect to the value obtained from CKM triangle fits. Using
a definition SψK = sin

�
2β + arg(1 + hde

2iφd)
�
, an angle

φd between π/2 and 3π/4 could contribute to −ηCPSψK =
0.655± 0.0244 to explain the discrepancy between it and the
best-fit CKM triangle value obtained in [13]: sin(2β)fit =
0.891± 0.052.

By itself, Bd mixing is not sufficient to generate the Teva-
tron di-muon asymmetry. However, any mass mixing between
b and s quarks will give rise to b–s flavor changing neutral cur-
rents, since the W

� and Z
� couplings are non universal. For

example, a small mixing between bR and sR could give rise
to new contributions in Bs mixing, with a new CP-violating
phase capable of explaining the asymmetry observed at the
Tevatron. The flavor-changing operator is

S
2
sbg̃

2

m
2
Z�

b̄Rγ
µ
sRb̄RγµsR, (7)

where Ssb is the b–s mixing angle. The effects of flavor-
changing b → s transitions have already been analyzed in
the literature, and we make use of the result here [20]. In or-
der to generate an asymmetry of comparable size to that at the
Tevatron we require

Λ ≡ m
�
Z

|Ssb|g̃
∼ 0.4− 1.2 TeV

�
10−2.5

g̃|Ssb|

�
, (8)

giving an approximate size to the flavor violation. One might
worry that these flavor changing processes could contribute to
Bs → µ

+
µ
− processes since Z

� couples to hypercharge and
hence picks up a coupling to µ

+
µ
− of size g

2
1/g̃, where g1

is the hypercharge coupling. The branching fraction for this

sin(2β)fit = 0.891± 0.052

π/2 < φd < 3π/4
ηCP SψK = 0.655± 0.0244

FIG. 2: The allowed ranges of hs,σs (left) and hd,σd (right) from the combined fit to all four NP parameters.

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

goodness of the fit is significantly degraded compared

with the non-universal case.

We now move to interpreting the above results, as-

suming that the dimuon asymmetry is indeed providing

evidence for deviation from the SM. Interestingly, with-

out restricting our discussion to a specific model, we can

still make the following general statements:

(i) The present data support the hypothesis that new

sources of CP violation are present and that they con-
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FIG. 3: The allowed hb,σb range assuming SU(2) universality.

tribute mainly to ∆F = 2 processes via the mixing am-

plitude. As is well known, these processes are highly

suppressed in the SM.

(ii) The SM extensions with SU(2)q universality, where

the new contributions to Bd and Bs transition are sim-

ilar in size (relative to the SM), can accommodate the

data but are not the most preferred scenarios experi-

mentally. Universality is expected in a large class of well

motivated models with approximate SU(2)q invariance,

for instance when flavor transitions are mediated by the

third generation sector [20]. The case where the NP con-

tributions are SU(2)q universal (see Eq. (8) and Fig. 3)

is also quite generically obtained in the minimal flavor

violation (MFV) framework [21] where new diagonal CP

violating phases are present [22, 23]. In an effective the-

ory approach such a contribution may arise from the four-

quark operators O
bq
1 = b̄αLγµq

α
L b̄

β
Lγµq

β
L, O

bq
2 = b̄αRq

α
L b̄

β
Rq

β
L,

O
bq
3 = b̄αRq

β
L b̄

β
Rq

α
L, suppressed by scales ΛMFV;1,2,3, re-

spectively. We find that the data require

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}

�
0.2/hb TeV . (9)

If the central value of the measurement in Eq. (1) is con-

firmed, this inequality would become an equality. Note

that the dependence on the bottom Yukawa, yb, is not

shown for ΛMFV;1, since sizable CP violation in this case

requires resummation of large effective bottom Yukawa

coupling [23, 24]. In general the presence of flavor diago-

nal phases could contribute to the neutron electric dipole

moment [25]. However, this effect arises from a different
class of operators and requires a separate investigation.

Another interesting aspect of these flavor diagonal phases

is that there are examples where these can contribute to

the generation of matter-antimatter asymmetry, another
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data, is technically natural. One might worry that these fla-
vor changing processes could contribute to Bs → µ+µ− pro-
cesses since Z � couples to hypercharge and hence picks up a
coupling to µ+µ− of size g2

1/g̃, where g1 is the hypercharge
coupling. The branching fraction for this process is

B(Bs → µ+µ−) =
|Sbs|

2g2
bg2

µ(y2
µL + y2

µR)
m4

Z�

τBsMBsm
2
µf2

Bs

64π

≈ 10−12

�
|Ssb|

10−2.5

�2 �
1 TeV
mZ�

�4

(6)

where gµ = g2
1/g̃ and gb = − 1

2 g̃. This is well below the
current limit of 4.3× 10−8 [23].

We also note that such flavor violating decays may give
contributions to the penguin dominated decays of b → sq̄q
in the processes Bd → (φ, η�, π, ρ, ω, f0)Ks. The new con-
tributions may further serve to suppress SfCP relative to the
tree-level decay in SψK , as explored in [24]. Here we sim-
ply wish to note that the Z �-mediated interaction is of the
right magnitude to contribute to SfCP for the interactions
Bd → (φ, η�, π, ρ, ω, f0)Ks. In particular the combination
∆CNP = (Cbs

uu − Cbs
dd)/VtbVts must be O(1) (or slightly

smaller) in order to give rise to the correct shifts in SfCP

[24]. Here Cbs
qq = SsbT3R,q(g̃ mZ/g mZ�)2. We find with

Ssb = 10−2.5, mZ� = 900 GeV, g̃ = 2, that the b→ s transi-
tions may contribute to the penguin dominated Bd processes.
Measurements of SfCP in these modes at future B factories
could therefore provide a detailed test of this model.

Next we calculate the size of the shift of the right-handed
coupling of the Z to the b quarks, which affects the Z pole
observables. The symmetry-breaking pattern is SU(2)L ×
SU(2)R × U(1)� → U(1)Y × SU(2)L. The mass matrix,
in the (W 3

L, B,W 3
R) basis is

M =
1
4




g2v2 gg�v2 0
gg�v2 g�2(v2 + 4Y 2v̂2) 4Y T3Rg�g̃v̂2

0 4Y T3Rg�g̃v̂2 4T 2
3Rg̃2v̂2



 , (7)

where v̂ is the right-handed Higgs vev, g� is the U(1)� cou-
pling, and we will henceforth take the right-handed Higgs hy-
percharge Y equal to its isospin T3R for simplicity. By diag-
onalizing the mass matrix, in the (W 3

L, B,W 3
R) basis, the Z

mass eigenstate has components

Z =





g
gZ

−g�g̃2

(g̃2+g�2)gZ
(1 + �2Z

g�2g2
Z

g2(g̃2+g�2) )
−g�2g̃

(g̃2+g�2)gZ
(1 + �2Z

g̃2g2
Z

g2(g̃2+g�2) )



 , (8)

where g is the SU(2)L coupling, and we have expanded the
expression to second order in �Z = mZ/mZ� and gZ =�

(g̃2+g�2)g2+g�2g̃2

(g̃2+g�2) , so that we can make the identification of

the U(1)Y coupling as g2
1 = g�2g̃2

(g̃2+g�2) . Thus we can read off
the couplings of left- and right-handed fields to the Z boson:

gL = gZ(TL
3 − s2

W Q) + �2Z(Q− TL
3 )gZ

g4
1

g̃2g2
(9)

and

gR = −Q
g2
1

gZ
− �2Z(

g4
1

g̃2g2
(TR

3 −Q) +
g4
1

g�2g2
TR

3 )gZ . (10)

As a representative choice, we take g̃ = 2, mZ� = 900 GeV,
in which case we find δgR

b � 0.001 and δgL
b � 10−5. These

shifts are too small to give substantial impact to the measure-
ment of Rb and Ab

FB at LEP [15]. Contributions to the ρ
parameter are present at tree level,

δρ

ρ
= −δm2

Z

m2
Z

=
(m2

Z −m2
W ) tan2 θR

m2
Z� − (m2

Z −m2
W ) tan2 θR

, (11)

where sin θR = g�/
�

g�2 + g̃2 is the right-handed analogue of
the Weinberg angle. For gR = 2, mZ� = 900 GeV, this con-
tribution is less than one part in 104, safely within experimen-
tal bounds. Contributions to S are negligible, as the absence
of any new fields transforming under SU(2)L means that the
leading contributions to W 3

L − B mixing are precisely those
in the SM.

Lastly, we discuss specifics of the mass and flavor model
to ensure that something reasonable can be written down. In
the SU(2)L flavor basis for left-handed quarks q�L and the
SU(2)R flavor basis for right-handed quarks q�R, the gauge
boson interactions take the form

L = q�Lτaγµq�LW a
µ + q�RF �τaγµq�RW �a

µ, (12)

where F �, a coupling matrix, is being left explicitly in the
expression to account for the non-universal coupling of the
quarks to the right-handed fields. Now rotating to the mass
basis, we have

L = d̄LVCKMγµuLW−
µ + d̄LγµdLZµ + ūLγµuLZµ

+d̄RṼCKMγµuRW �−
µ + d̄RFdγ

µdRZµ

+ūRFuγµuRZµ, (13)

where the relation between q�L,R and the mass basis quarks
qL,R is

dL = Sdd
�
L, uR = Suu�L

dR = S�
dd

�
R, uR = S�

uu�R (14)

with

VCKM = S†
dSu, ṼCKM = S�†

dF
�S�

u

Fu = S�†
uF �S�

u, Fd = S�†
dF

�S�
d. (15)

Complex phases in the right-handed flavor mixing matrices
are physical, as setting the form of the left-handed CKM
matrix uses the entire rephasing freedom in the SM. With
the nonuniversal couplings of SU(2)R, F � = Diag(1, 0, 1),
and FCNC’s are generated at tree level. We now briefly ex-
amine a consistent choice of S�

u and S�
d that generate the

b → s FCNC while simultaneously maintaining the form of
the right-handed CKM matrix which pair (u, b)R and (t, d)R

3

data, is technically natural. One might worry that these fla-
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We also note that such flavor violating decays may give
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(g̃2+g�2)g2+g�2g̃2

(g̃2+g�2) , so that we can make the identification of

the U(1)Y coupling as g2
1 = g�2g̃2

(g̃2+g�2) . Thus we can read off
the couplings of left- and right-handed fields to the Z boson:

gL = gZ(TL
3 − s2

W Q) + �2Z(Q− TL
3 )gZ

g4
1

g̃2g2
(9)

and

gR = −Q
g2
1

gZ
− �2Z(

g4
1

g̃2g2
(TR

3 −Q) +
g4
1

g�2g2
TR

3 )gZ . (10)

As a representative choice, we take g̃ = 2, mZ� = 900 GeV,
in which case we find δgR

b � 0.001 and δgL
b � 10−5. These

shifts are too small to give substantial impact to the measure-
ment of Rb and Ab

FB at LEP [15]. Contributions to the ρ
parameter are present at tree level,

δρ

ρ
= −δm2

Z

m2
Z

=
(m2

Z −m2
W ) tan2 θR

m2
Z� − (m2

Z −m2
W ) tan2 θR

, (11)

where sin θR = g�/
�

g�2 + g̃2 is the right-handed analogue of
the Weinberg angle. For gR = 2, mZ� = 900 GeV, this con-
tribution is less than one part in 104, safely within experimen-
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gL = gZ(TL
3 − s2

W Q) + �2Z(Q− TL
3 )gZ

g4
1

g̃2g2
(9)

and

gR = −Q
g2
1

gZ
− �2Z(

g4
1

g̃2g2
(TR

3 −Q) +
g4
1

g�2g2
TR

3 )gZ . (10)

As a representative choice, we take g̃ = 2, mZ� = 900 GeV,
in which case we find δgR

b � 0.001 and δgL
b � 10−5. These

shifts are too small to give substantial impact to the measure-
ment of Rb and Ab

FB at LEP [15]. Contributions to the ρ
parameter are present at tree level,

δρ

ρ
= −δm2

Z

m2
Z

=
(m2

Z −m2
W ) tan2 θR

m2
Z� − (m2

Z −m2
W ) tan2 θR

, (11)

where sin θR = g�/
�

g�2 + g̃2 is the right-handed analogue of
the Weinberg angle. For gR = 2, mZ� = 900 GeV, this con-
tribution is less than one part in 104, safely within experimen-
tal bounds. Contributions to S are negligible, as the absence
of any new fields transforming under SU(2)L means that the
leading contributions to W 3

L − B mixing are precisely those
in the SM.

Lastly, we discuss specifics of the mass and flavor model
to ensure that something reasonable can be written down. In
the SU(2)L flavor basis for left-handed quarks q�L and the
SU(2)R flavor basis for right-handed quarks q�R, the gauge
boson interactions take the form

L = q�Lτaγµq�LW a
µ + q�RF �τaγµq�RW �a

µ, (12)

where F �, a coupling matrix, is being left explicitly in the
expression to account for the non-universal coupling of the
quarks to the right-handed fields. Now rotating to the mass
basis, we have

L = d̄LVCKMγµuLW−
µ + d̄LγµdLZµ + ūLγµuLZµ

+d̄RṼCKMγµuRW �−
µ + d̄RFdγ

µdRZµ

+ūRFuγµuRZµ, (13)

where the relation between q�L,R and the mass basis quarks
qL,R is

dL = Sdd
�
L, uR = Suu�L

dR = S�
dd

�
R, uR = S�

uu�R (14)

with

VCKM = S†
dSu, ṼCKM = S�†

dF
�S�

u

Fu = S�†
uF �S�

u, Fd = S�†
dF

�S�
d. (15)

Complex phases in the right-handed flavor mixing matrices
are physical, as setting the form of the left-handed CKM
matrix uses the entire rephasing freedom in the SM. With
the nonuniversal couplings of SU(2)R, F � = Diag(1, 0, 1),
and FCNC’s are generated at tree level. We now briefly ex-
amine a consistent choice of S�

u and S�
d that generate the

b → s FCNC while simultaneously maintaining the form of
the right-handed CKM matrix which pair (u, b)R and (t, d)R

Wednesday, June 15, 2011



1,3 versus 2nd generation mass terms 
appear differently

A simple way to generate this is via 
vector-like quarks

Flavor violation comes down to the 
couplings of Q to the various 
generations

UV Completions

4

as g2g̃2mtmu�/(m2
W �m

2
W ) which is to be compared against

the SM contribution which scales as g4V 2
csV

2
cdm

2
c/m

4
W . The

new contribution is suppressed relative to the SM by approxi-
mately 1 part in 104, well below the experimental uncertainty
in the Kaon mass difference. Meanwhile, the FCNC induced
in down-type quarks is of the desired form

Fd ≈




1 0 0
0 0 �
0 � 1



 . (21)

With couplings only to right-handed quark doublets, the
SU(2)R is anomalous, which could be remedied by adding
new heavy fermions. Alternatively, the model is anomaly free
if coupled to two generations of (�, N)R, where NR is a new
right-handed sterile neutrino. To avoid flavor constraints, NR

would have to be heavier than the b-quark. Since there are
many possibilities for anomaly cancellation that give rise to
the same phenomenology that we study here, we do not con-
sider it further. Mass generation is a more complicated issue.
The first and third generation right-handed fields have a Higgs
term

Y
d
ij

M
q̄�

i
Rφ

†
RHLq

�j
L +

Y
u
ij

M
q̄�

i
Rφ̃

†
RH̃Lq

�j
L, (22)

where i = 1, 3 and j = 1, 2, 3, whereas the second generation
right-handed fields take on the more conventional form

Y
j
d q̄

�2
RHLq

�j
L + Y

j
u q̄

�2
RH̃Lq

�j
L. (23)

Here we have introduced a new SU(2)R doublet φR which
gives a secondary contribution to SU(2)R symmetry break-
ing, and H̃

a
L = �abH∗

L, φ̃
a
R = �abφ∗

R are the conjugate repre-
sentations. This method for mass generation does not address
the common difficulty of generating the large top Yukawa cou-
pling. Note that we do not make use of a left-right Higgs
for the couplings in Eq. (22), as this gives rise to mixing be-
tween the left and right-handed gauge bosons, inducing dan-
gerous contributions to, e.g., B → τν. The higher dimension
Higgs couplings of Eq. (22) can be generated by integrating
out SU(2)L,R-singlet fermions of mass M carrying the ap-
propriate hypercharge.

To conclude, we considered a model of maximal flavor vi-
olation connecting the first and third generation quarks. We
showed that the flavor physics which generates the Tevatron
top forward-backward asymmetry may be closely connected
to apparently much smaller flavor violation in the Bd and
Bs systems. In particular, maximal flavor violation connect-
ing only the first and third generations naturally gives rise to
SM size contributions to Bd mixing on account of the chiral
mu suppression of the new left-right CKM diagrams, despite
the absence of CKM suppression in the vertices. Bs mixing
arises through small flavor-changing-neutral-currents arising
from b − s mass mixing and the presence of a non-universal
Z

�.

While the concordance of all these anomalies within the
context of a relatively simple model is intriguing, a more gen-
eral lesson to draw from this model is that flavor violation
in new physics explaining b meson observables need not be
small. It is also easy to connect this large flavor violation to
large flavor violation in the top system. Where the mixing in-
volves the first and third generation, maximal flavor violation
operns new possibilities for model building.
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Summary

Top AFB has held up and significance 
has increased.  Await more data from 
D0 and CDF.  Measurement seems clean.

Phenomenologically viable models 
require large flavor violation or 
colored state with exotic couplings
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Summary
Most models which generate top AFB 
should show up in early LHC data; 
some worry about light mediators

While large flavor violation through 
gauge bosons seems highly 
constrained, it’s less constrained 
than might be supposed

May be new physics.  Excellent prep 
for LHC7.
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